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A bstract
The purpose o f this project was to build upon previous results obtained with 
the ligand Et2 PCH 2 CH 2 P(Ph)CH 2 P(Ph)CH 2 CH2 PEt2 , (hereafter referred to as et,ph- 
P4). The ligand was designed to both bridge and chelate two metal centers to hold them 
in close proximity so that cooperativity between the two metals is possible in 
homogeneous catalysis. This project concentrated on the synthesis o f new bimetallic 
complexes using this ligand and the investigation o f their catalytic potential.
A highly regioselective bimetallic hydroformylation catalyst racemic- 
[Rh2 (n^d)2 (et,ph-P4 )]2 BF4  was previously synthesized in our laboratories. Structure 
reactivity studies were undertaken to prove our theory that the high linear to branched 
regioselectivity o f  this catalyst is due to cooperativity between the two metals. A study 
o f  the addition o f non-coordinating nitrogen bases was performed to see if the 
undesirable side reactions o f  alkene isomerization and hydrogenation could be 
minimized. A new synthetic route to the catalyst racem/c-[Rh2 (nbd)2 (et,ph-P4 )]2 BF4  
was found to increase the yield o f  isolated catalyst from 40% to 70%. Three other 
bimetallic complexes were synthesized: PdCl2 (et,ph-P4), racemic- [Ir2 (cod)2 (et,ph- 
P4]2BF4, and race/w/'c-[Ru2 Cl4 (cod)2 (et,ph-P4 )]. All three were tested for catalytic 
activity.
The racemic form o f the ligand et,ph-P4 was separated into the (R,R) and 
(S, S) enantiomers with a semi-prep Chiralcel OD chiral HPLC column. Those ligands 
were used to  make chiral bimetallic hydroformylation catalysts. The chiral catalysts were 
used to hydroformylate vinyl acetate to 2-acetoxypropanal. Enantioselectivities o f  ~
85% were obtained. The % ee was determined by GC using a Chiraldex P-TA GC 
column.
C h ap ter  1 In troduction
Our research group is interested in the synthesis o f  novel types o f polyphosphine 
ligands. A new class o f  binucleating tetraphosphine ligands that was synthesized in these 
laboratories is currently being used to prepare a series o f bimetallic compounds for use 
as homogeneous catalysts. Monometallic systems, however, have dominated the field of 
homogeneous catalysis. 1 There are very few examples o f polymetallic homogeneous 
catalytic systems which are as, or more, efficient than monometallic systems. Two 
recent examples provide some justification for the use o f  polymetallic systems as 
homogeneous catalysts. Adams2  and coworkers reported an osmium trimer which 
catalyses the transalkylation o f amines. Ojima3  and coworkers have reported a cluster 
o f two rhodium and cobalt centers is capable o f silylformylation o f alkynes with HSiR.3 . 
Silylformylation o f  alkynes forms aldehydes o f  the general form 
R'CH 2 C(S iR3 )=CHCHO.
Phosphines are useful and versatile ligands especially when acting as a-donors to 
help stabilize low-valent late transition metal complexes. Their uses in coordination 
chemistry and homogeneous catalysis are numerous and well documented . 4  Bis- 
phosphines, such as bis(diphenylphosphino)ethane, P l^P C t^C F ^P P f^ , can form five 
membered chelate-rings with transition metals, helping to stabilize the complex in a 
better fashion than monodentate phosphines. Changing the substituent groups attached 
to the phosphorus can change both the steric and electronic factors associated with a 
metal catalyst. For instance, if alkyl groups are used instead o f aryl groups, the electron 
donating ability o f the phosphorus ligand is increased. The reactivity o f  the metal often 
can be altered by changing the amount o f electron density in the metal's environment. As 
the donating ability o f  the phosphine is changed the character and the strength o f the 
metal-ligand bond is changed as well.
1
2One o f the problems that has hampered the use o f  cluster and multimetallic 
systems in homogeneous catalysis is fragmentation. Under medium to high pressures o f 
CO and/or H 2  these compounds can fall apart. Methods for coping with this problem 
have generally involved the use o f  strong metal-metal bonds or the use o f  bridging 
ligands such as bis(phosphino)methane, dppm. The main disadvantage o f  strong metal- 
metal bonds is that they cannot be used as reaction sites. The breaking o f a weak metal- 
metal bond can help activate a substrate while the reformation o f  that metal-metal bond 
at the end o f  the catalytic cycle could help eliminate the products that are being formed. 
The use o f  bridging ligands such as dppm is often unsuccessful because the ligands do 
not coordinate strongly enough or they impose unfavorable coordination geometries that 
can inhibit a metal center's reactivity.
It is with the above thoughts in mind that a new class ofbinucleating ligands was 
developed in our laboratories. The tetraphosphine ligand, et,ph-P4, that was synthesized 
by Laneman5  is shown in Figure 1. The ligand is a specially designed template that can 
both bridge and chelate two metal centers. The ligand also contains electron rich 
phosphines that can strongly bind to the metals and help prevent the fragmentation o f 
bimetallic complexes. The ligand can keep two metal centers in general proximity and 
allow the easy formation and breakage o f metal-metal bonds that may prove beneficial in 
a catalytic cycle.
DMF CH2CI2
2PhPH2 + 2KOH > •  2PhPH Ph(H)PCH2 P(H)Ph
2 Et2P(HC-CH2)
hv
racemic - et,ph-P4 meso - et,ph-P4
Figure 1. The synthesis and schematic structure o f  et,ph-P4
3The internal phosphines o f  the ligand are chiral thus generating a pair o f racemic 
(R,R, and S,S) and meso (R,S) diastereomers. The first step o f  the synthesis involved 
the preparation o f the bridging bis(phsosphino)methane unit. Phenyl phosphine 
(PI1 2PH 2 ) and CH2 Cl2  were reacted using DMF as the solvent. The phosphide was 
generated by slow addition o f a 56% aqueous solution o f KOH which then reacted with 
CH 2 CI2  to form Ph(H)PCH 2 P(H)Ph. The bridging unit was then photylized (UV lamp) 
with two equivalents o f  R 2 PCHNCH2 . The yield o f  et,ph-P4 from this photolysis is 
essentially quantitative, with an overall yield from starting Ph2 PH 2  o f  40-45%.
Hydroformylation is the transition metal catalyzed process o f  converting olefins, 
usually a-olefins such as 1 -hexene, into aldehydes by the addition o f  synthesis gas 
(H 2 /CO). Two aldehyde products can typically be formed: the linear straight-chain 
aldehyde (normal) or the branched-chain aldehyde (iso). The ratio o f  linear to branched 
aldehydes is one common measure o f  the regioselectivity. Hydroformylation is the 
largest homogeneous catalytic processes in the world with over 1 0  billion pounds o f 
industrially important aldehydes produced annually. These aldehydes are used as 
intermediates in a wide variety o f  processes such as the production o f alcohols, 
lubricants, detergents, and plasticizers.
h 2c = c h r
h 2  , c o
o
II I
H-C-CH2 CH2 R +  H3C-CHR
Rh or Co 
catalyst linear branched
Aldehydes
Several transition metals have been used to  homogeneously catalyze 
hydroformylation chief amongst them cobalt and rhodium. Both o f  these metals have 
been extensively studied with regards to their reactivities and selectivities. Cobalt was
4the first metai used and is still in use today. The unmodified cobalt process uses no 
ligands except H 2  and CO. The active catalytic species is HCo(CO ) 4  which is easily 
produced from Co2 (CO)g. Relatively severe conditions are required to stabilize this 
hydrido-carbonyl species. Temperatures o f  120-180° C are used in order to  have a 
reasonable rate, and pressures o f 250-320 atm o f synthesis gas are employed to keep the 
hydride and carbonyl ligands coordinated to the cobalt. The product mixture from this 
reaction consist o f  approximately 80% aldehydes, 10% alcohols, 1% alkanes, and 9% o f 
other products. The linear to branched aldehyde selectivity is 3-4:1 and isomerization o f 
the olefin is the most prevalent undesirable side reaction. Ligand modified processes 
(e.g., those employed by Shell), use an alkyl phosphine to stabilize the hydrido cobalt 
carbonyl species allowing milder reaction conditions: 50-100 atm and 160-200° C. A 
higher selectivity o f  6 - 8 : 1  linear to  branched is found, however the main product is now 
the alcohol. 6
Ligand modified rhodium systems have been found to  be very active 
hydroformylation catalysts. The Rh/PPli3  system is used commercially and is licensed in 
the USA by Union Carbide Corp. The Rh/PPh3  catalyst is considerably more active, and 
regioselective than the cobalt catalysts. Rhodium requires relatively mild reaction 
conditions: 1-25 atm H 2 /CO and 25-120° C. Aldehydes are very selectively produced 
usually with very few side products . 6  The generally accepted catalytic mechanism is 
well understood and is shown in Figure 2.
The mechanism starts with ^-coordination o f the alpha olefin. A hydride present 
on the metal can transfer to either carbon atom on the olefin to form the linear or 
branched metal alkyl. This is generally believed to be the selectivity inducing step. A 
CO ligand coordinates and inserts into the alkyl-metal bond resulting in an acyl group on 
the metal. The oxidative addition o f  H 2  is followed by the reductive elimination o f a 
hydride and the acyl group to form the product aldehyde. Isomerization and
5hydrogenation o f the olefin are still present, although to a much lesser extent than the 
cobalt systems.
y Ph3P
° C _  ^ P P h ,  
Rh*
'  H
H
I
+ alkene
R
PPh,
P h z P I T T N - r
c  o
o
+ h 2
Ph3P
R h ^ : PPh3
/  H
Ph3P
° C .  P P h ,
y p s - p
+ CO ° C _  ^  PPh,
Rh*
Ph3P R
Figure 2. The general mechanism for Rh/PPh3  catalyzed hydroformylation
Hydroformylation is generally thought o f  as a monometallic process, however, in 
1961 Heck and Breslow 7  proposed a bimetallic mechanism involving HCo(Co ) 4  shown 
in Figure 3. The first route to the product involved the traditional oxidative addition o f 
H 2  to eliminate the aldehyde as discussed earlier. The second proposed route involves 
the use o f  another HCo(CO ) 4  as a hydrogen source for an intermolecular hydride
6transfer and reductive elimination o f the product resulting in the formation o f a Co-Co 
bond. Recent studies with high-pressure IR provide strong evidence that the 
monometallic pathway is the dominant one . 8  However, Bergman9, Halpem 10, Norton 1 1  
and M arko 1 2  have all reported evidence for the existence o f intermolecular hydride 
transfers in model reactions between metal hydrides and metal acyl complexes. (vide 
infra)
o
c
+ h 2
Co
CO 
+ alkene+ CO
CO
CoCo
q C
+ COHCo(CO),
-c o
+ CO 
____ °c Co
C O  C
O O
Figure 3. Heck-Breslow Mechanism with HCo(Co ) 4
This thesis builds on the previous bimetallic hydroformylation results reported by 
Laneman13. A new synthetic route to the catalyst [Rh2 (nbd)2 (et,ph-P4)] was developed. 
The use o f  noncoordinating bases was investigated in an attempt to deter the undesirable 
acid catalyzed side reactions that are present with this catalyst. The possibility for the 
use o f  metals other than Rh for bimetallic hydroformylation catalysis was also studied.
C h ap ter 2 Bimetallic Cooperativity
2.1 Introduction
A homobimetallic rhodium complex, [Rh(nbd)2 (et,ph-P4)]2BF4, (nbd = 
norbornadiene), was prepared in our laboratories . 1 4  An ORTEP plot o f the x-ray 
structure o f the molecule is shown in Figure 4 below. The et,ph-P4 ligand bridges and 
chelates the two Rh centers. The metals are in a square planar environment and no M-M 
bond is present. The metals are separated by a distance o f -5 .5  A. The phenyl groups 
on the internal phosphorous atoms and ethyl groups on the terminal phosphorus atoms 
have been omitted for clarity.
C7N iC14N
[C10N
C3N,
'C13N' C9NC6N
CBN
C1N
C4N
C5N
Rh2
Rh1
P4
P3
C31
C12
Figure 4. An ORTEP plot o f  the x-ray structure o f  racemic [Rh(nbd)2 (et,ph-P4 )]2 BF4
We have found the mixed catalyst precursor to be quite selective for the 
hydroformylation o f  1 -hexene with linear to branched ratio o f  2 1 : 1  and an initial turnover 
rate o f  246/hr. This catalyst can be compared with the Union Carbide Rh/PPh3  system 
which has a regioselectivity o f  17:1 and an initial turnover rate o f 540 turnovers/hr.
7
8Perhaps the most suprising aspect o f  this system is the selectivity that is achieved with 
no addition o f  excess phosphine. Every commercial Rh/PPh3  catalyst system needs 
excess phosphine to stabilize the catalyst, maintain high selectivities, and prevent 
isomerization o f  alkenes. Considerable amounts o f  PPh3  (up to 50% PPh3  by solution 
weight), are used for HRh(CO)(PPh3) to help in this stabilization. Thus the three main 
features o f  our catalytic system that set it apart are: good activity, high product 
selectivity, and the fact that no excess phosphine is needed.
We believe that the activity o f  our catalyst results from bimetallic cooperativity 
between the two rhodium centers via an /«/ramolecular hydride transfer from one metal 
center to another. The rotational flexibility o f the Rh2 (et,ph-P4 ) system was studied by 
using the SYBYL molecular mechanics program to perform van der Waals(VDW) 
energy calculations using racemic-Rh2 H 2 (CO)2 (et,ph-P4 ) as the model complex . 1 5 ’ 1 6  
The calculation showed a considerable amount o f  flexibility for the complex. The 
complex can adopt a closed mode configuration in which the metal centers can be 
brought close enough together for an intramolecular hydride transfer to take place. We 
propose that the intermediate shown in Figure 5 could exist in the catalytic cycle and 
adopt a closed-mode orientation in which the metal centers are close enough for the 
intramolecular hydride transfer to  take place.
RhRh
Figure 5. Proposed intermediate from molecular modeling studies.
92.2 Intermolecular Hydride Transfers
There are several examples o f  /'wfermolecular hydride transfers between metal 
acyl and metal hydride species in the literature. Bergman9  performed model studies 
doing reactions with CpMo(acyl)(CO ) 3  and CpMo(H)(CO ) 3  complexes. (Cp = 
cyclopentadienyl anion). In the scheme illustrated below in Figure 6 , a rapid equilibrium 
occurs between the alkyl and corresponding unsaturated acyl complex. The metal 
hydride then coordinates to the metal acyl, followed by reductive elimination o f the 
aldehyde and subsequent formation o f  M o-Mo bonded dimers occurs. The results were 
measured by monitoring the disappearance o f  starting material NM R resonances.
R Mo(CO)3 R— C------- Mo(CO)2
R —  o ----------ivio c^/ u ;2
R— C------- Mo(CO)2
H— Mo(CO) 3
H—  Mo(CO)3
[CpMo(CO)3 ]2 + [Cp(Mo)(CO)2 ]2
R— CHO
Cp
Figure 6. Mo intermolecular hydride transfer.
10
N orton 1 1  and coworkers performed studies reacting solvated rhenium acyl 
complexes with neutral transition-metal hydrides. The complex EtRe(CO ) 5  was reacted 
with HRe(Co ) 5  *n acetonitrile,(CH3 CN) and the formation o f  EtCHO was observed. In 
the scheme shown below the metal alkyl undergoes a rapid equilibrium with the solvent 
molecule to  form the solvated acyl complex. Norton postulated that the solvated acyl 
species undergoes nucleophilic attack at the Re by a pair o f  electrons in the M -H bond 
and forms the three-center 2-electron intermediate that is shown in Figure 7.
Et— Re(CO) 5  EtC(0)(CH3 CN)Re(C0 ) 4
CH3CN = S
EtC..,. I
CO ,co
Re 
C O  " C O
+ M— H
O
II
EtC
H/ '
\
Re(CO ) 4
MLn
Et— C— H + LnM-Re(CO)4 (S)
Figure 7. Rhenium intermolecular hydride transfer.
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M arko 1 2  and coworkers reported a series o f  bimolecular reductive eliminations in the 
reactions o f Co-acyl and Mn-acyl complexes with Mn-hydrides or Co-hydrides. The 
studies were performed by monitoring the reaction with IR spectra. Mixed metal dimers 
were obtained when one metal hydride was reacted with the opposite acyl species, as 
shown in the series o f  example reactions shown below:
O O
II II
EtO—C— Co(CO)4 + HCo(CO)4  ► E tO -C — H + Co2(CO)8
0 f
EtO-C— CH2 Mn(CO) 5  + HMn(CO) 5   ► EtO—C — H + Mn2 (CO)i0
O O
EtO—C— CH2 Mn(CO) 5  + HCo(CO) 4  --------► EtO—C — CH3  + MnCo(CO)g
2.3 Proposed Bimetallic Mechanism.
The preceding section has shown that intermolecular hydride transfers are 
known. The key feature in our proposed mechanism, which is shown in Figure 8  , is an 
intramolecular hydride transfer. The racemic Rh2 (nbd)2 (et,ph-P4 )2+ catalyst precursor 
is shown as 2r. Addition o f H2/CO gives the active catalytic species 3r. The alkene tt- 
coordinates to 3r and makes the species 4r. Insertion o f the alkene into the Rh-H bond 
is the selectivity determining step o f the mechanism. I f  the H  atom adds to the internal C 
o f  the double bond the linear alkyl, 5r, is formed which goes on to produce the linear 
aldehyde. The coordination o f another CO followed by insertion o f  CO into the Rh-alkyl 
bond yields the metal acyl species 6r. At this point we believe the species 6r rotates 
about the central methylene bridge o f the et,ph-P4 ligand to form the doubly-bridged
12
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Figure 8. Proposed mechanism for bimetallic hydroformylation.
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intermediate 7r. It is the rotational flexibility o f the et,ph-P4 ligand that allows the 
/w/romolecular hydride transfer in the acyl intermediate, (7r). The reductive elimination 
o f the aldehyde should then generate a Rh-Rh bonded species, 8 r, which undergoes an 
oxidative addition with hydrogen to break the metal-metal bond and regenerate the 
active catalytic species 3r, race/w/c-Rh2 H 2 (CO)2 (et,ph-P4 ).
2.4 Racemic vs. Meso Catalytic Studies
A study was performed to compare the separated racemic and meso bimetallic 
catalysts with the Rh/PPh3  system. The results o f that study are shown in Table 2.1 and 
Figure 9. The racemic and meso versions o f  the catalyst system were compared to the 
commercial Rh/PPh3  system using 1-hexene as the standard olefin. The racemic catalyst 
is -40%  faster than the Rh/PPh3  system and has higher regioselectivity. The racemic 
catalyst is 1 2  times faster than the meso catalyst and gives higher overall selectivity.
Figure 1 0  can help to illustrate the reasons for the differences in rates for the 
racemic and meso bimetallic catalysts. Both molecules have similar energies as shown 
from molecular dynamics minimization studies. The racemic species 7r, however, can 
form a closed mode intermediate with a doubly bridging interaction. The hydride on the 
top Rh, interacts with the bottom Rh while the carbonyl on the lower Rh is able to 
donate electron density with its rc-orbitals to the upper Rh center. The second bridging 
interaction helps promote the intramolecular hydride transfer by stabilizing the Rh-H 
bond. The n  electron density from the bridging CO ligand in 7 r lowers the energy o f the 
upper Rh center after the hydride transfer occurs to the lower Rh-acyl center. The 
reductive elimination step generates a high energy R h(-l) oxidation state on one metal 
center. The other Rh atom is in the (+1) state and is in close proximity to the higher 
energy Rh (-1) center. This should favor an electron transfer that forms two Rh(0) 
centers and creates the species 8 r, which has metal-metal bond. The species 8 r  has been 
isolated from the reaction o f  2 r with H 2 /CO . 1 4  The meso bridging species, 7m, can only
14
form a single bridging interaction which we believe leads to a less efficient, higher 
energy, bimetallic catalytic pathway.
Table 2.1. Results from racemic vs. meso studies o f  the hydroformylation o f  1-hexene in 
acetone at 90° C and 90 psig H 2 /CO after 3 hrs. Numbers in parentheses are 
the errors in last digit(s).
Catalyst
Initial
turnover
rate
(hr-1)
Alkene 
conversion 
to aldehyde 
(%)
Linear-to-
branched
aldehyde
ratio
Alkene
isomeri­
zation
(%)
Alkene
hydro­
genation
(%)
race/n/c-Rh2(nbd)2(et,ph-P4)2+ 639 85 (1) 27.5 (8) 8 (1) 3.4 (3)
meso-Rh2(nbd)2(et,ph-P4)2+ 55 16 (3) 14 (2) 4.1 (7) 2.3 (3)
Rh(acac)(CO)2/  (0.82M PPh3) 540 86 (3) 17 (2) 2.5 (4) 2.8 (3)
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Hydroformylation of 1-Hexene
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Figure 9. Uptake curve showing the results o f  the study o f racemic vs. meso catalysts.
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o coc Rh
C
7r 7m
Figure  10. Schematic representations for closed mode structures o f racemic and meso 
intermediates.
2.5 Monometallic Studies
In order to test the viability o f  the bimetallic mechanism two structure reactivity 
studies were undertaken. The first study tested the possibility that each Rh center is 
functioning as a monometallic catalyst. Several monometallic model complexes were 
prepared to represent "half o f  the bimetallic catalyst. Four bisphosphine ligands with 
varying electron-donating substituents were synthesized and used in place o f  et,ph-P4. 
These ligands were then used to prepare the catalysts.
The bisphosphine Et2 PCH 2 CH2 PEt2  (depe) was used because it is more electron 
rich relative to the et,ph-P4 ligand. Rh(nbd)(depe)+ gave results o f  0.9% conversion o f 
alkene to aldehyde, a selectivity o f  2.0:1, 16% alkene isomerization, and 5.2% 
hydrogenation. The ligand Et2 PCH 2 CH2 P(Me)Ph, (depmpe), represents the electronic 
analog to half o f  the et,ph-P4 ligand. The Rh(nbd)(depmpe)+ catalyst gave results o f  
1.7% conversion, a selectivity o f  3.0:1, 50% alkene isomerization, and 15.3% 
hydrogenation. The bisphosphine E t2 PCH 2 CH2 PPH 2  (dedppe) is slightly less electron
16
rich than et,ph-P4. Rh(nbd)(dedppe)+ gave results o f  1.1% conversion, a selectivity o f 
3.1:1, 42% alkene isomerization, and 14% hydrogenation. The ligand 
Ph2 PCH 2 CH2 PPh2  (dppe) is moderately less electron rich than et,ph-P4.
Rh(nbd)(dppe)+ gave results o f  1.7% conversion o f  alkene to  aldehyde, a selectivity o f 
2.4:1, 51% alkene isomerization, and 14% hydrogenation. These results are summarized 
in Table 2.2., and in Figures 11, 12, 13, and 14.
All four o f  these monometallic systems turned out to be very poor 
hydroformylation catalysts. These results are consistent with a small body o f work that 
has been done with electron rich phosphines. Unruh1 7  and coworkers performed 
hydroformylation studies with a rhodium/phosphine modified system that used 1 , 1 '- 
bis(diarylphosphino)ferrocene ligands. These ligands are bisphosphines with ferrocene as 
a bridging group. Consiglio1 8  and coworkers used fully alkylated diop ligands eg. 
Etdiop, shown below, to perform Rh-catalyzed hydroformylation.
P E t
PEt
Etdiop
Table 2.2 Results from monometallic model studies o f  the hydroformylation o f 1-hexene 
in acetone at 90° C and 90 psig H2/CO after 3 hrs. Numbers in parentheses 
are the errors in last digit(s).
Initial Alkene Linear-to- Alkene Alkene
Catalyst turnover rate conversion to branched isomer hydro-
(hr "1) aldehyde (%) aldehyde rization genation
ratio (%) (%)
Rh (nbd)(depe)+ 1.0 0.9
Rh (nbd)(depmpe)+ 1.5 1.7
Rh (nbd)(dedppe)+ 1.2 1.1
Rh (nbd)(dppe)+ 2.4 1.2
(2) 2.0 (2) 16 (1) 5.2 (9)
(6) 3.0 (1) 50 (1) 15.3 (4)
(1) 3.1 (2) 42 (3) 14.0 (4)
(3) 2.6 (6) 51 (3) 14.0 (3)
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Figure 11. Structure o f Rh(nbd)(depe)+ and uptake curve generated during catalytic 
study.
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Figure 12. Structure o f Rh(nbd)(depmpe)+ and uptake curve generated during
catalytic study.
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Figure 13. Structure o f Rh(nbd)(dedppe)+ and uptake curve generated during 
catalytic study.
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Figure 14. Structure o f Rh(nbd)(dppe)+ and uptake curve generated during catalytic
study.
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2.6 Spaced Bimetallic Studies
A second study was performed to provide evidence supporting the bimetallic 
cooperativity theory. I f  the two metal centers are indeed cooperating to  perform the 
catalysis, then one way to test that theory is to separate the metals by enough distance so 
as to make it more difficult for them to cooperate. Two ligands were synthesized in 
which the central methylene bridge as replaced by large spacer groups. One o f these 
ligands has a rigid p-xylene spacer (et,ph-P4-p-xylylene), and the other ligand has a 
slightly more flexible 1,3 propylene spacer group (et,ph-P4-propylene). Both o f these 
ligands have virtually the same electronic properties as et,ph-P4. The analogous Rh 
catalysts to  et,ph-P4 were synthesized using the mixed ligands and their structures and 
the uptake curves generated by the study are shown Figures 15 and 16.
The catalyst Rh2 (nbd)2 (et,ph-P4 -propyl)2+ gave results o f  1.7% conversion o f 
alkene to aldedyde, 59% alkene isomerization, and 16% hydrogenation. The catalyst 
Rh2 (nbd)2 (et,ph-P4 -p-xylyl)2+ gave results o f 60.1% alkene isomerization, and 17% 
hydrogenation with no conversion o f the alkene to aldehyde observed. These results are 
summarized in Table 2.3. As was previously observed in the monometallic studies these 
systems proved to be poor hydroformylation catalysts. Both o f these studies provide 
evidence in support o f  the bimetallic cooperativity mechanism.
Table 2.3. Results from the spacer group studies o f  the hydroformylation o f 1 -hexene in 
acetone at 90° C and 90 psig H2/CO after 3 hrs. Numbers in parentheses are 
the errors in the last digit(s).
Catalyst
Alkene Linear-to- Alkene Alkene
conversion to branched isomerization hydrogenation
aldehyde (%) aldehyde ratio (%) (%)( )
racm/c-Rh2(nbd)2(et,ph-P4)2+ 85 (1)
Rh2(nbd)2(et,ph-P4-propyl)2+ 1.7 (1)
Rh2(nbd)2(et,ph-P4-p-xylyl)2+ 0
27.5 (8) 
2.4 (1)
8 (1) 
59 (2) 
60.1 8)
3.4 (3) 
16 (1) 
17 (1)
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Figure 15. Structure o f  Rh2 (nbd)2 (et,ph-P4 -/?-xylyl) and uptake curve generated 
during catalytic studies.
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Figure 16. Structure o f Rh2(nbd)2(et,ph-P4-propyl) and uptake curve generated during
catalytic studies.
C h ap te r 3 Base Studies
3.1 Effect o f  Bases
The magnitude o f the isomerization and hydrogenation side reactions o f the 
racemic catalyst were disappointing from an industrial viewpoint and studies were 
undertaken to try and minimize these problems. We believed that the excessive 
isomerization and hydrogenation were being catalyzed by two equivalents o f  acid, HBF4 , 
generated from the diatomic precursor, Rh2 (nbd)2 (et,ph-P4 ) + 2  via the reaction shown 
below.
Ph Ph
Et2P^ ^ P  ^PEt,
\  /  N /  \  /  2
Rh Rh
/  \  /  \
2 +
ty c o
Ph Ph
< X / vO
Rh Rh
/  \  /  \
0C H H CQ
2H+
A variety o f  bases were tried and the results are shown in Table 3.1 All studies 
were perfomed at 90° C at a pressure o f 90 psi o f a 1:1 molar ratio o f H 2 /CO. The 
possible mechanism for the acid catalysis o f the hydrogenation and isomerization side 
reactions are shown in Figures 17 and 18.
Table 3.1 Results o f  the study o f  the effect o f  various neutral nitrogen bases on the 
hydroformylation o f 1 -hexene.
Base
Initial
turnover
rate
(TO/hr)
Linear-to-
branched
aldehyde
ratio
Alkene
isomer­
ization
(%)
Alkene
hydrogen­
ation
(%)
Alkene 
convers 
to aid
(%)
Time
in
hours
NEt3 215 30 1.6 0.4 80 4
NEt2Ph 560 29 4.5 1.6 91 3
NMe2Ph 450 31 6.0 2.6 87 3
NH(ipr)2 165 24 0.8 0.5 79 5
NH(Et)2 155 26 1.9 0.6 84 5
DABCO 350 31 2.1 0.8 85 4
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The base DABCO, shown below, gave the best and most promising results o f  the 
study. A regioselectivity o f  31:1 was observed with 2.1% isomerization and 0.8% 
hydrogenation o f  the alkene.
The unfortunate side effect o f  adding these bases however is that they slow down 
the reaction considerably. Nominally the racemic catalyst can convert almost 90% o f  the 
initial olefin concentration, approximately 1000 equivalents, to aldehydes in about 3 
hours. We initially believed that these bases were slowing the catalyst by competing for 
the lone axial coordination site on the rhodium site. This fit with our belief that the 
initial coordination o f olefin to the Rh center is the rate determining step in our bimetallic 
mechanism.
DABCO
h H / h H
©
Figure 17. One possible mechanism for the acid catalyzed isomerization side reaction.
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Figure 18. Possible mechanism for acid-catalyzed hydrogenation side reaction 
illustrated with a simple Rh-phosphine complex.
3.2 Possibility o f  Acid Participating as a Cocatalyst.
The proposed bimetallic cooperativity mechanism relies on the fact that only a 
single alkene coordinates to the bimetallic rhodium catalyst. The hydride that is present 
on the other metal center is then available to do an intramolecular hydride transfer and
concentrations a bis acyl species such as the one shown below in Figure 19 can form and 
this leads to inhibition o f the activity o f  the bimetallic catalyst.
F igure 19. Formation o f the bis acyl species from the addition o f  alkene
We believe that there are three possible ways acid could participate as a 
cocatalyst in the hydroformylation cycle:
1). Two alkenes are adding to the catalyst. Acid could enter the cycle as a 
cocatalyst and "reactivate" the bis acyl species shown above. The acyl group 
could be protonated and thus generate an aldehyde, this opens up a coordination 
site on the cationic Rh center allowing addition ofFLj followed by the elimination 
o f  H + to regenerate the active catalytic species shown in Figure 20. The 
monometallic and spaced bimetallic systems also generate acid in their "catalytic 
cycles" and are poor hydroformylation catalysts, so we still believe that bimetallic 
cooperativity is important.
F igure 20. Regeneration o f the active catalytic species via protonation o f aldehyde.
thus help facilitate the elimination o f the aldehyde. We know that under high alkene
+ 2 Alkene 
+ 2CO
Ph
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2). A proton could be needed to interact with the metal center and the acyl 
group to  favor the intramolecular hydride transfer leading to  aldehyde elimination. In the 
illustration shown in Figure 21, the proton could interact with the Rh center and the 
oxygen o f the acyl group creating a partial positive charge on the metal. The 
electrostatic and electronic environment around the cationic Rh center has been changed 
and the partial negative charge o f  the hydride ligand then moves in to form the doubly- 
bridging intermediate shown in Figure 21, leading to the intramolecular hydride transfer.
EtoP,
9' :Rh^
i- / N  
S j
P h
PEt*
\ / c °
.R h  _ Q .
-  ^  t  Q  —
Ph
o
c
^R h ' . R h ^
c O
H < £ y
Ph
Figure 21. Proton interaction with Rh center and acyl oxygen to favor hydride transfer.
3). The third way acid could participate in the catalytic scheme is to help 
facilitate the dissociation o f  a CO ligand to open up a binding site on the metal for the 
incoming alkene. In the illustration shown in Figure 22, a Lewis acid, in this case a 
proton, is shown helping to promote that dissociation. We believe the steric effects due 
to the et,ph-P4 ligand are operating in tandem with the Lewis acid. As the alkene 
coordinates to one o f the Rh centers, other ligands will bend away in an effort to form a 
five coordinate species (trigonal bypyramid or square pyramid), which would be the least 
sterically crowded and ideal geometry. The et,ph-P4 ligand however, minimizes the 
ability o f  the catalyst to rehybridize to a 5 coordinate geometry about the Rh centers. 
This directs the alkene insertion into the M-H bond to form a linear alkyl which goes on 
to  form the linear aldehyde. A small Lewis acid eg. a proton can interact with the two
26
Rh centers. The withdrawal o f  electron density away from the metal centers could favor 
dissociation o f  an axial CO ligand, opening up a coordination site for the alkene to bind 
to  one o f the Rh centers.
O c
EtoP
’ RhRhl
c 0
P h
dissociation 
(l w *) = Lewis Acid
Figure 22. Interaction o f  proton with metal centers to promote dissociation o f  CO.
O f the three possibilities previously mentioned we believe that the first possibility 
is the most likely, however, some combination o f the three may also be at work in the 
postulated bimetallic mechanism. Experiments are currently underway to  ascertain 
which o f the above possibilities is most likely.
C h ap te r 4 New Synthesis o f [Rh 2 (nbd)2 (et,ph-P 4 )J2 B F 4
4.1 Introduction
In general the preparation o f  cationic precursors o f  the form [Rh(diene)2 ]+ has 
occurred by way o f two routes. The first method, shown below as Scheme 1, was 
reported by Schrock1 9  and involved the use o f  a chloride bridged dimer reacted with a 
diene, e.g., norbomadiene, and a silver salt containing a counteranion such as AgBF4  or 
AgPFg. Silver chloride precipitates and the solution is filtered under inert atmosphere 
and the unsaturated cationic complex is isolated by removing the solvent under reduced 
pressure. The second route, shown below as Scheme 2, was reported by Green2 0  and 
involves the reaction o f  a metal complex o f  the form [M(diene)(acac)], where acac = 
acetyl-acetonate, with triphenylmethyl tetrafluorborate [(Ph)3 C]BF4.
Scheme 1
[Rh(Cr)(diene)] 2 + diene — AgBE*— ^  [Rh(diene)2]BF4
THF
Scheme 2
[(Ph)3 C]BF4
Rh(dieneXacac) + diene    ► [Rh(diene)2 ]BF4
CH2 Cl2
Previously, the [Rh(nbd)2 ]BF4  starting material for making the [Rh2 (nbd)2 (et,ph- 
P4)]2BF4  catalyst precursor had been synthesized using Scheme 3. This synthesis was 
reported by Laneman . 1 3  Rhodium chloride hydrate was reacted with ethylene to make 
the chloride bridged dimer species [Rh(Cl)(C2 H 4 )2 ]2 , 2 1  giving a yield o f  60-65% o f the 
product. The Cl bridged dimer was then reacted with norbomadiene and AgBF4  to yield
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the bis-norbomadiene species [Rh(nbd)2 ]BF4  using a modified version o f  the procedure 
by Schrock .2 2  
Scheme 3
RhCl3 + C2H4 --------— -------- ► [Rh(CI)(C2H4)2]2
MeOH
Yield 60-65%
[Rh(Cl)(C2 H4 )2 ] 2  + nbd — M E *  [Rh(nbd)2 ]BF4
c h 2 c i 2
nbd = norbomadiene Yield 80-90%
THF/CH2 C12
2 [Rh(nbd)2 ]BF4  + et,ph-P4 ------------ ► [Rh2 (nbd)2 (et,ph-P4 )]2 BF4
Hexane
Yield 70-80%
The use o f  RI1CI3  hydrate was deemed to be questionable due to the possibility o f 
chloride carry over in the synthetic scheme. Chloride is a well known inhibitor for Rh 
hydroformylation. I f  chloride is present as a contaminant it can compete for binding sites 
on the metal thus rendering the catalyst less active and reducing the overall yield o f  the 
desirable catalytic product. The isolated yield o f  Rh in the final product is ~ 40% which 
is unacceptably low due to the high cost o f  rhodium. For both o f  the above reasons a 
new synthetic route to the catalyst precursor [Rh2 (nM )2 (et>ph-P4 )]2 BF4  was sought.
4.2 New Synthesis o f  [Rh2 (nbd)2 (et,ph-P4 )]2 BF4
A new Rh starting material, Rh(CO)2 (acac) (acac = acetyl-acetonate), was 
selected. The new synthetic route to [Rh(nbd)]BF4  is shown in Scheme 4. The 
Rh(CO)2 (acac) is refluxed at 90° C in neat norbomadiene for 3 hrs, to yield the air 
stable yellow solid Rh(nbd)(acac) 2 3  in isolated yields typically >90%. The product is
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recrystallized from tetrahydrofuran/hexane. The Rh(nbd)(acac) is then reacted with 
HBF4 *OEt2  and norbomadiene in tetrahydrofuran to yield the [Rh(nbd)]BF4  starting
material in yields o f 90% or greater. The [Rh(nbd)2 ]BF4  complex is reacted with the 
et,ph-P4 ligand in dichloromethane to yield the catalytic precursor in yields o f  greater 
than 90%. The complex is recrystallized in acetone. The isolated yield o f  Rh catalyst in 
this scheme is ~ 70%. The use o f  RI1CI3  as a starting material was eliminated and thus 
provided a better route for the preparation o f the catalyst precursor [Rh2 (nbd)2 (et,ph- 
P4)]2BF4  All compounds were characterized by *H and 31P NMR. Results compared 
satisfactorily with those reported in the literature.
Scheme 4
Rh(CO)2 (acac) + nbd ---------------► Rh(nbd)(acac)
A 
90 °C
acac = acetylacetonate
HBF4  • OEt2
Rh(nbd)(acac) + nbd ------------------ *»
THF
[Rh(nbd)2 ]BF4
2 [Rh(nbd)2 ]BF4  +  et,ph-P4
CH2 CI2
[Rh2 (nbd)2 (et,ph-P4)]2BF4
C h ap te r 5 O th e r Bimetallic Complexes
5.1 Introduction
The use o f  other metals besides Rh to catalyze hydroformylation has been well 
documented . 6 -2 4  Rhodium is the most active metal for hydroformylation and is 
approximately 103  -104  times more active than Co, and approximately 106  times more 
active than R u . 2 4  As was previously discussed, Co was the first metal discovered and 
commercially used to catalyze hydroformylation. Other metals such as Ru, Pt, Ir, Mn, 
and Fe have been studied as hydroformylation catalysts but none o f these metals shows 
the combination o f  activity selectivity observed with Rh.
The most extensively studied Ru system is formed from Ru(CO)3 (PPh3)2, 
reported by Wilkinson . 2 5  The species is formed in situ from the trinuclear compound 
Ru 3 (C O )j2 - Under more rigorous conditions than that employed for Rh catalysis ( 1 2 0 ° 
C, and 1 0 0  atm H 2 /CO), selectivities o f  3/1 have been observed for the aldehyde 
products . 2 5  The active catalytic species in Ru-catalyzed hydroformylation is thought to 
be the dihydrido species, [Ru(H)2 (CO)2 (PPh3 )2], formed by the oxidative addition o f 
hydrogen to [Ru(CO)3 (PPh3)2]. The Ru-catalyzed cycle which is shown in Figure 23 
differs from the Rh-catalyzed cycle in that the addition o f the olefin occurs after the 
oxidative addition o f  H 2  The olefin prefers rc-coordination to the Ru(II) species 
[Ru(H)2 (CO)2 (PPh3 )2 ] rather than the electron rich Ru(0) species [Ru(CO)3 (PPh3 )2 ]. A 
PPh3  ligand dissociates to open up a coordination site for the incoming olefin to add to 
[Ru(H)2 (CO)2 (PPh3  )2 ] . As in the case o f  Rh-catalyzed hydroformylation, the addition 
o f  excess PPh3  (in this case the solvent was molten PPh3) increases the selectivity to 5:1 
at the expense o f reducing the rate o f  reaction. The use o f chelating phosphines such as 
diphos, (Ph2 PCH 2 CH2 PPh2 ), helped to increase the selectivity to 4.7:1 2 5
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Figure 23. Proposed mechanism for Ru catalyzed hydroformylation . 2 5
Another system reported for hydroformylation is the ligand stabilized Pt(II) 
halide/SnCl2  couple, reported by Knifton . 2 6  The active catalytic species is thought to be 
[Pt(H)(SnCl3 )(CO)(PPh3)]. The conditions used are 60-80° C, 800-1500 psi o f  H 2 /CO. 
The selectivity o f  linear to branched aldehyde is 9:1. The effects o f  using ligands other 
than phosphines were investigated. Various other ligands instead o f  PPh3  were tried 
including SbPh3, AsPh3, SPh2, other P containing ligands, and even some N  ligands. 
Each o f  these systems showed some activity but also gave lower regioselectivity than the 
original PPh3  ligand stabilized system. Group (IV) and (V) metal halides including 
SnCl4 , GeCl2, PbCl2, SiCl4, and SbCl3  were studied as cocatalysts in place o f SnCl2  with
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the ligand supported Pt(II) system. The halides SnCl4  and GeCl2  were active as 
cocatalysts but with much less conversion to aldehyde than SnCl2. The halides PbCl2, 
SiCl4 , and SbCl3  showed no activity as cocatalysts . 2 6
The use o f  Ir as a hydroformylation catalyst has been reported . 2 7 ’2 8  While Ir is 
definitely less active than Rh as a hydroformylation catalyst, it does provide the option o f 
isolating and observing some stable intermediates that may provide insight into the 
mechanism o f the reaction. Yagupsky2 8  and coworkers studied Ir analogs o f  the 
RhHCO(PPh3 ) 2  system as hydroformylation catalysts. IrH(CO)2 (PPh3 ) 2  was reacted 
with CO and C2 H 4  at 30 atm and gave quantitative conversion to a  stable crystalline acyl 
compound [Ir(COEt)(CO)2 (PPh3)2], whose structure is shown in the reaction below.
The IR and NM R spectra o f  the compound were almost identical to the spectra assigned 
to  the Rh acyl species and provides strong evidence that the Rh acyl is a five-coordinate 
species.
CO CO
H—  Ir"
,i,PPh3 
'PPh3
CO, C2H4 
30 atm
EtC—  Ir
CO
illlPPh3 
■PPh3
CO
Whyman2 9  has been able to  spectroscopically identify, via a high pressure IR cell, 
the species [C2 H 5 lr(CO)3 P(i-pr)3], [C2 H 5 C (0)Ir(C 0)3 P(i-pr)3], and the products 
C2 H 5 COH + HIr(CO)3 P(i-pr)3, as a result o f  the treatment o f  HIr(CO)3 P(i-pr) 3  with 
C2 H4, CO, and H2. The series o f conversions takes place over a period o f  about 90 
minutes at 50° C. The reaction scheme is shown in Figure 24. These steps are identical 
to those postulated for the Rh monometallic pathway and provide strong mechanistic 
evidence for that pathway.
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F igure 24. Reaction scheme observed for IR study o f  Ir hydroformylation o f C2 H 4 . 2 9
5.2 Palladium Bimetallic Complexes
5.2.1 Introduction
Palladium has not been reported in the literature as a hydroformylation catalyst. 
There are, however, several examples o f  the use o f Pd(II) salts to  catalyze the 
carbonylation o f alkenes in the presence o f  water to produce carboxylic acids, or esters if 
acohols are used instead o f  water . 3 0  An example o f  the use o f  PdCl2  to catalyze the 
carbonylation o f 1-octene is shown in Scheme 5. Even though the use o f  Pd compounds 
as hydroformylation catalysts is not known, it was our hope that because o f the unique 
results in bimetallic cooperativity achieved with the [Rh2 (nbd)2 (et,ph-P4 )]2 BF4  catalyst 
a suitable Pd analog compound could be synthesized. We had hoped that by using the 
ligand et,ph-P4, other metals that do not ordinarily catalyze hydroformylation would do 
so under these circumstances.
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Scheme 5
CO, h 2o  
PdCI2, PPh3
CH3(CH2)5HC=CH2 CH3(CH2)5CHCH3 + CH3(CH2)7C 0 2H
c o 2h
800 psi, 125 deg, 2hrs
c h 3c o 2h
23% 48%
5.2.2 Attempted Synthesis o f  Pd2(dba)2(et,ph-P4)
Several attempts were made to synthesize a Pd(0) bimetallic complex using the 
ligand et,ph-P4 and Pd(dba)2 as a  starting material dba = (dibenzylidene acteone). The 
structure o f  dba is shown below, and Pd(dba)2 was synthesized from published 
methods.31
Ph(H)C— C(H)— C— C (H )=C (H )P h  dibenzylideneacetone
O
Several solvents were used including tetrahydrofuran, toluene, benzene, and acetonitrile. 
A general reaction scheme usually included suspending two equivalents o f  Pd(dba)2 in 
reaction solvent and adding the ligand solution o f et,ph-P4 dropwise to the Pd solution 
with constant stirring. The Pd solution, generally a dark purple color, would slowly turn 
dark brown, and deposit a brown solid on the side o f  the reaction flask. The 31P NMR 
analysis o f the resulting brown solids generally showed broad and complicated spectra 
leading the author to believe that the substitution o f the ligand et,ph-P4 was not occuring 
in a facile manner. Therefore a new Pd starting material was chosen to make the 
bimetallic complex.
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5.2.3 Synthesis o f  Pd2Cl4(et,ph-P4)
The Pd starting material, P d C ^ C T ^ C N ^ , was generated in situ from the 
reaction o f two equivalents o f  PdCl2  with acetonitrile solvent and stirring for about 1 
hour. One equivalent o f  the ligand, mixed racemic and meso-et,ph-P4, was suspended in 
acetonitrile and added dropwise to  the solution o fP d C ^ C F ^C N ). The solution 
changed from orange to pale yellow. The majority o f  the acetonitrile was removed under 
reduced pressure and the remaining few mL o f solution were dropped into cold diethyl 
ether resulting in the precipitation o f a pale yellow solid. The reaction mixture was 
cooled to -20° C overnight. The pale yellow solid was isolated by filtration and a yield 
o f -72%  was obtained. The complex Pd2Cl4(et,ph-P4) is very soluble in 
dichoromethane and moderately soluble in acetonitrile, ethanol, and methanol. The 
complex is insoluble in hexane and diethyl ether. The complex is not air-sensitive in the 
solid state. Solutions o f  the complex did not decompose upon exposure to air for 
several hours. Crystals o f Pd2Cl4(et,ph-P4) can be grown via slow evaporation from a 
CH^C^/acetonitrile solution. The crystals, however, desolvate losing their crystalline 
appearance upon exposure to air over a period o f  several hours.
The complex has been characterized by 31P NMR and NMR. An attempt was 
made to synthesize the pure meso form o f the complex, unfortunately, the meso ligand 
used in the synthesis was not pure. The 31P NMR o f  the reaction products (shown in 
Figure 25) does allow assignment o f  the two diastereomers. The 3 *P NM R o f the 
mixeture o f racemic and meso bimetallic complexes is seen in Figure 26 and shows a 
series o f multiplets at 86.5 ppm and 83.8 ppm arising from the external phosphorus 
atoms o f each diastereomer. A doublet due to the external phosphorus atom o f the 
racemic diastereomer at 86.5 ppm with JP.P = 10.9 Hz. A doublet o f  doublets o f  the 
meso diastereomer at 83.8. ppm arises from JP.P= 5.3 Hz and from Jp.p = 8.0 Hz. A 
doublet due to the internal phosphorus atom o f the racemic diasteromer occurs at 63.0
^^*% tVV*yM Ni^
i — i------ 1— i---- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1------ 1----- 1— i----- 1— i---- 1------1------1— i---- 1------1----- 1— i----- 1— i---- r
80 75  70
PPM
65  60
Figure 25. 31P{ *H} NMR o f attempted synthesis o f  meso Pd2Cl4(et,ph-P4) in 
CD2C12(40.48 MHz).
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Figure 26. 31P{*H} NM R o f  mixed Pd2Cl4(et,ph-P4) in CD2C12 (161.92 MHz).
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Figure 27. NMR of mixed rac and meso Pd2Cl4(et,ph-P4) in CD2Cl2 (100 MHz ).
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ppm with Jp.p = 10.3 Hz. Another doublet o f  doublets from the the internal phosphorus 
atoms o f the meso diastereomer at 64.1 ppm arises from JP.P = 8.0 Hz and JP.P = 5.0 Hz. 
phosphorus atoms. The *H NM R is shown in Figure 27. Results from the elemental 
analysis o f  the compound were satisfactory.
a square planar arrangement to bidentate phosphines such as 5-phosphino-7- 
phosphabicyclo[2.2. l]hept-2-enes. The complexes have coupling constants (Jp_p o f -5-8  
Hz) that are similar to  Pd2Cl4(et,ph-P4) and a doublet for each P atom in the 3IP NMR 
spectrum.
5.2.4 Attempted Synthesis o f [Pd2(cod)2(et,ph-P4)]4BF4
An attempt was undertaken to make a Pd analog o f the Rh2(nbd)2(et,ph-P4) 
bimetallic complex using Pd2Cl4(et,ph-P4) as a starting material. The Pd chloride 
complex was reacted with 1,5-cylcooctadiene (cod) and AgBF4 in an attempt to make 
[Pd2(cod)2(et,ph-P4)]4BF4. The Pd chloride complex was dissolved in CH2C12 and 5 
equivalents o f  cod were added. Six equivalents o f  AgBF4 were added in 100 mg 
increments. The solution turned yellow and a white/grey solid was observed to form. 
Upon further stirring a black gray solid was also observed. The reaction mixture was 
filtered through celite and the solvent was removed under reduced pressure. 
Approximately 50 mg o f a bright yellow solid was isolated. The solid was very soluble 
in acetone and CH2C12.
The 31P NMR spectra obtained compare favorably with similar compounds. 
Nelson32 and coworkers have reported a series o f  compounds that have PdCl2  bound in
Cl,
Figure 28. 31P {JH} NMR of [Pd2(cod)2(et,ph-P4)]4BF4 in CD2C12 (40.48 MHz).
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A 3 *P NMR o f  the isolated solid (shown in Figure 28) shows a similar pattern to 
that seen for Pd2Cl4(et,ph-P4). The 31P NMR shows a doublet from the external 
phosphorus atom o f each diastereomer at 97.8, and 96.6 ppm. ( JP.P = 8.0 Hz and JP.P =
7.1 Hz ) At 74.4 and 73.1 ppm another set o f  doublets from each o f the internal 
phosphorus atoms is present.( JP_P = 6.1 Hz and JP_P = 7.2 Hz ) We believe that the 
yellow solid was indeed Pd2(cod)2(et,ph-P4)4+. Upon standing at room temperature 
overnight in the glovebox, however, the solid darkened and turned brown. The complex 
seems, therefore, to be unstable and would therefore be difficult to  characterize further 
and clearly an unsuitable candidate for a catalyst.
5.3 Synthesis o f  Iridium Bimetallic Complex
As was mentioned in the introduction o f this chapter, Ir has been documented as a 
hydroformylation catalyst. The purpose o f synthesizing an Ir analog to the Rh bimetallic 
catalyst was to try and isolate Ir alkyl or acyl intermediates to help provide additional 
evidence for our proposed bimetallic cooperativity mechanism. The scheme for the 
synthesis o f  race/w/c-[Ir2(cod)2(et,ph-P4]2BF4 is shown in Figure 29 below:
lr2(cod)2Cl2 + cod — [lr(cod)2]BF4 
CH2CI2
2[lr(cod)2]BF4 + e t ,p h -P 4 ------------ ► [lr2(cod)2(et,ph-P4)]2BF4
CH2CI2
Figure 29. The synthesis o f  racemic- [Ir2(cod)2(et,ph-P4]2BF4
The starting material, [Ir(cod)2]BF4, was synthesized via the previously 
discussed route reported by Schrock. The starting chloride-bridged dimer is reacted 
with 1,5 cylcooctadiene and AgBF4 in dichloromethane to  yield the Ir(cod)2 + complex
T | I 1---------1---------1---------1---------1-------- 1---------1---------1---------1---------1---------1---------1---------1---------1—
5 0  4 5  4 0  3 5
PPM
Figure 30. 31P{1H} NMR o f race/w'c-[Ir2(cod)2(et,ph-P4)]2BF4 in dg-acetone 
(161.92 MHz).
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Figure 31. *H NMR of wce/w/'c-[Ir2(cod)2(et,ph-P4]2BF4 in d6-acetone (400 MHz).
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as a purple brown solid. Two equivalents o f  [Ir(cod)2]BF4 were dissolved in 
dichloromethane. One equivalent o f  racemic et,ph-P4 was added dropwise to the Ir 
solution. The majority o f  CH2 CI2  was removed under reduced pressure. The remaining 
volume o f the reaction solution was dropped into cold diethyl ether and a pink 
precipitate was formed. The solution was cooled to -20° C and left overnight. The 
purple-pink solid was collected by filtration and the isolated yield was 78%. The 
complex is very soluble in polar solvents such as acetone, methanol, ethanol, and 
acetonitrile. The complex is insoluble in hexane and diethyl ether.
[Ir2(cod)2(et,ph-P4)]2BF4 has been characterized by 31P NMR and *H NMR 
(shown in Figures 30 and 31.) A pair o f  singlets is present in the 31P NM R spectrum o f 
race/w/'c-[Ir2(cod)2(et,ph-P4)]2BF4 (shown in Figure 30). The singlet at 46.3 ppm is due 
to the external phosphorus atom o f the complex and the singlet at 42.0 ppm is due to the 
internal phosphorus o f  the complex. We believe that singlets, instead o f doublets, are 
observed in the 31P NMR spectrum due to the possibility that the coupling constants are 
simply too small to be observed.33 Results from the elemental analysis o f  the compound 
were satisfactory.
5.4 Synthesis o f  Ru Bimetallic Complex
5.4.1 Introduction
A Ru bimetallic complex was sythesized in the hope o f finding a new Ru 
hydroformylation catalyst. The author believes that further work with a Ru bimetallic 
complex could lead to an enantioselective hydrogenation catalyst similar to Ru-BINAP 
reported by Noyori.34 That catalyst system is shown in Figure 32a. The Ru-BINAP 
system was used to  catalyze a number o f asymmetric hydrogenation reactions, among 
them the formation o f (^-N aproxen, an anti-inflamatory pharmaceutical. That reaction 
is shown in Figure 32b. This reaction and others like it are extremely useful to the 
pharmaceutical industry as a way to synthesize beneficial chiral molecules.
a. The Ruthenium BINAP catalyst.
CH3O
COOH H2 , 135 atm.
[(S)-Ru(ll)-BINAP] c h 30
COOH
(S)-Naproxen
b. The synthesis o f  (S)-Naproxen.
F igure 32. The Ruthenium BINAP catalyst and the synthesis o f  (5)-Naproxen.
5.4.2 Synthesis o f racemic [Ru2Cl4(cod)2(et,ph-P4)]
The starting material, [RuCl2 (cod)(CH 3 CN)2 ], was synthesized according to 
published methods.35 Ruthenium (III) chloride hydrate is refluxed with cod to form the 
brown complex [RuCl2 (cod)]x. The brown polymeric complex is refluxed with cod in 
acetonitrile to yield [R uC ^codX C I^C N ^]. Two equivalents o f 
[RuCl2 (cod)(CH 3  CN)2] were dissolved in acetonitrile and one equivalent o f  racemic 
et,ph-P4 was added dropwise to the stirring Ru solution. The solvent was removed 
under reduced pressure. The resulting orange solid was washed with hexane and then 
isolated as orange crystals. The isolated yield was 72%. The complex is highly soluble 
in dichloromethane, chloroform, and acetonitrile. The complex is moderately soluble in
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methanol, ethanol, and tetrahydrofiiran. The complex is insoluble in hexane and diethyl 
ether. The synthetic route is shown in Scheme 6 below:
Scheme 6
RuCI3 + cod ---------------»  [RuCl2 (cod)L
A
EtOH
[RuCI2(cod)]. cod
A
CH3CN
*» [RuCI2(cod)(CH3CN)2]
[RuCi2 (cod)(CH3CN)2] + et,ph-P4
racemic CH3CN
-► [Ru2CI4(cod)2(et,ph-P4)]
The complex race/w/c-[Ru2Cl4(cod)2(et,ph-P4)] has been characterized by 31P 
NM R and NMR. The 3 *P NM R spectrum is shown in Figure 33 and contains two 
triplets, at 53.0 and 28.7 ppm, that correspond to the external and internal phosphorus 
atoms, respectively. The triplet at 53.0 ppm arises from JP.P = 20.3 Hz due to  the 
external phosphorus atom coupling with internal phosphorus atom. The triplet at 28.7 
ppm arises from JP_P = 21.1 Hz due to  the internal phosphorus atom, coupling with an 
external phosphorus atom. We believe also that virtual coupling is present giving rise to 
the triplet pattern instead o f the expected doublet. Elemental analysis o f  the compound 
gave results that were questionable. The % C calculated was 48.0 and the %  C that was 
obtained was 44.3. Also 4.2 %  N  was observed. We feel that this could be due to two 
possibilities. Acetonitrile was used as the reaction solvent and was present as one o f the 
ligands on the starting material. It is possible that some acetonitrile could be present as 
solvent o f  crystallization. The second possibility is that some impurities eg. the starting 
material, [RuCl2 (cod)(CH3CN)2 ], could have been present in the sample.
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F igure 33. 31P {1H} NMR ofrace/w/c-[Ru2Cl4(cod)2(et,ph-P4)] in CDC13 (161.92 
MHz).
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F igure 34. *H NM R o f racew/c-[Ru2Cl4(cod)2(et,ph-P4)] in CDC13 (400 M Hz ).
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5.5 Hydroformylation Runs Using Pd, Ir, and Ru Bimetallic Complexes
The bimetallic complexes that were synthesized were tested as hydroformylation 
catalysts. The results are summarized below in Table 5.1:
Table 5.1 Results from the use o f  Pd,Ir, and Ru bimetallic complexes as 
hydroformylation catalysts*
Catalyst Solvent Time
(hrs)
1/b
ratio
Conversion 
to aid
(%)
Alkene
Isomeriz.
(%)
Alkene
Hydrog
(%)
Pd2Cl4(et,ph-P4) a Acetonitrile 3 •a •» _
CH2C12 3 - - - -
[ Ir2(cod)2(et,ph-P4)2+]b Acetone 17 8.7/1 7.7 4.6 1.4
Ru2Cl4(cod)2(et,ph-P4) c Acetonitrile 16 6 .6/1 1.6 14.8 0.2
DMF 18 - - - “
* Hydroformylation of 1-hexene.
a. Runs done at 100° C and 100 psig H2/CQ. b. Runs done at 90° C and 90psig H2/CO. 
c. Runs done at 100° C and 200 psig H2/CO.
The complex Pd2Cl4(et,ph-P4) showed no hydroformylation activity. The runs 
for this catalyst were performed at 100° C and 100 psig H2/CO. A gray black solid was 
observed in the catalytic solution after each o f the runs. This suggests that the complex 
decomposes during the catalytic process and is therefore unsuitable as a 
hyrdroformylation catalyst. The bimetallic complex racew/c-[Ir2(cod)2(et,ph-P4)]2BF4 
did catalyze the hydroformylation o f 1-hexene at 90° C and 90 psig H 2/CO. The Ir 
bimetallic complex gave a selectivity o f  8.7:1 with 4.6% isomerization, 1.4% 
hydrogenation, and 7.7% o f the alkene converted to  aldehyde over a period o f  17 hours. 
The Ru bimetallic complex, racemic [Ru2Cl4(cod)2(et,ph-P4)], did catalyze the 
hydroformylation o f  1-hexene at 100° C and 200 psig H2/CO and gave a selectivity o f  
6.6:1 with 14.8% isomerization, 0.2% hydrogenation, and 1.6 %  o f the alkene converted 
to  aldehyde over a period o f  16 hours.
C h ap te r 6. Asym m etric Catalysis
6.1 Introduction
The field o f  asymmetric catalysis has become increasingly important in the past 
few years as a way o f preparing chiral compounds. The fields o f  medicine, pharmacy, 
and biochemistry have benefited directly from the discoveries made in asymmetric 
catalysis.36 There are several examples o f  the application o f chiral transition-metal 
homogeneous catalysis for the synthesis o f  beneficial optically active molecules. One o f 
the earliest examples is the asymmetric hydrogenation o f  a-acetamidocinnamic acid to a 
specific derivative o f  phenylalanine through the use o f  a chiral rhodium catalyst. This is 
a key step in the synthesis ofL-DOPA, a drug used for the treatment for Parkinson's 
disease.36
H coon  yCOOH
Aci
vNHAc NHAc
CH
IKnj
AcO
Figure 35. Asymmetric hydrogenation o f a-acetamidocinnamic acid.
6.2 Asymmetric Hydroformylation
There have recently been a number o f  reports on the use o f  asymmetric 
hydroformylation.37 The rates o f  these catalysts are also generally slower than those of 
regular hydroformylation catalysts. The success o f  an asymmetric reaction is measured 
by the enantiomeric selectivity or enantiomeric excess (ee) o f  the reaction which is 
defined by the equation:
\R -S \
ee =  -------   x 100%
R + S
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A possible application o f  asymmetric hydroformylation is the synthesis o f  (S)- 
ibuprofen and (S)-naproxen that is shown below:
h 2/c o
Cat*
.0
(S)-ibuprofeit
CHjO
Hj/CO
Cat* CHjO
O
CHjO
.O
(S)-naproxen
The compound (S)-ibuprofen is an established over-the-counter anti-inflammatory drug. 
At present it is currently sold as a racemic mixture o f  the (R) and (S) enantiomers. In 
this case there are no harmful side effects from the R  enantiomer. In the case o f  (S)- 
naproxen, however, the R enantiomer is a potent liver toxin. At present the R 
enantiomer is removed from the racemic mixutre by crystallization with a chiral resolving 
agent. A catalytic, highly enantioselective route that produces the S enantiomer o f 
naproxen and ibuprofen would be highly desirable and o f significant use to industry.
Another desirable product is the amino acid 1-threonine, which is an essential 
human nutrient that is not synthesized by the human body. In the synthetic scheme 
shown below vinyl acetate is hydroformylated to  2-acetoxypropanal, which can be 
transformed via Strecker chemistry to L-threonine.
O H
CN HOOC
L - t h r e o n i n e
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Two recent examples in the literature illustrate the best current examples o f 
asymmetric hydroformylation. Stille38 and coworkers used a P tC ^-SnC ^ system with 
the chiral chelating phosphine ligand BPPM. The active catalytic species is shown 
below:
The prochiral olefins styrene, 2-vinylnaphthalene, and vinyl acetate gave ee's o f  80%, 
77%, and 82% respectively. Better ee's were obtained by using triethyl orthoformate as 
a trapping agent to  remove the aldehydes before they could back react with the catalyst. 
When the trapping agent was used, ee's o f 96% or greater were reported.
Takaya39 and coworkers have used the phosphinephosphite ligand BINAPHOS, 
which is shown below, to obtain some impressive results as well:
COO-t-Bu
P t
C l SnCI3
Ph
(R,S)-BINAPHOS
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Several arylethenes and functionalized olefins such as vinyl acetate and N- 
vinylphthalimide were asymmetrically hydroformylated. The ee's for these reactions 
were typically over 80%, and in the case o f  vinyl acetate was 92%. This system has 
better regioselectivities,~6:1, than Stille's Pt/Sn/BPPM system.
6.3 Chiral Separation o f et,ph-P4
The racemic form o f the Sigand is separated from the meso form o f the ligand via 
a procedure developed by Junta.40 A method was then needed to separate the (R,R) and 
(S,S) forms o f  the ligand. High perffomance liquid chromatography has become a viable 
option for the separation o f  optically active compounds in recent years with the 
development o f  a host o f  chiral stationary phases (CSP) for the separation o f 
enantiomers. Chiral recognition, as related to chromatography, may be defined as 
preferential interaction o f one enantiomer o f  a substance with one enantiomer o f  a 
second substance. Stereo and enantioselective adsorption implies that the chiral 
stationary phase "senses" spatial relationships between structural elements o f  analytes. 
"Sensing" requires some form o f  interaction between an adequate number o f  structural 
elements o f  the chiral stationary phase (CSP) with those o f  the analyte.
6.3.1 Theory o f  Enantioselective Complexation
Pirkle41 has put forth one o f the best explanations o f  chiral recognition via the 
theory o f enantioselective complexation. Two molecules can be said to interact when 
their orbitals begin to  overlap appreciably. Terms such as "hydrogen bonding," "dipole 
stacking," and "steric interactions" are often used to refer to such intermolecular forces. 
These interactions are usually either single-point or multipoint. Hydrogen bonding and 
other end-to-end dipole-dipole interactions can be described as single-point in nature. 
Some dipole stacking and 7C-7C interactions cannot be completely described by a single­
point interaction scenario and need multipoint considerations.
As the enantiomers pass over the CSP each forms a "transient adsorbate." These 
adsorbates are diastereomeric and their formation is necessary for the separation to
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occur, but this single interaction is not sufficient for complete separation o f  enantiomers 
to occur. When referring to interactions on the surface o f  a CSP the term adsorbate is 
used, and in solution the resulting complexes are called diastereomeric complexes. The 
diastereomeric adsorbates must differ adequately in free energy for enantiomer 
separation to be achieved. The complexes differ in symmetry and may be members o f 
different point groups. The practical problem in chiral chromatography is to control the 
degree to  which the diastereomeric complexes differ in their free energy o f  formation.
Chiral recognition requires a minimum o f three interactions between the CSP and 
at least one o f the enantiomers, with at least one o f these interactions being 
stereochemically dependent. All three o f these interactions must occur simultaneously. 
In other words, if  one enantiomer is replaced with another, at least one o f the 
interactions will be significantly altered or absent. This statement is known as the "three- 
point rule".41 Figure 35 can help illustrate this point:
Solution Chiral Stationary P hase
a). A A* c)
CSP (+)-enantiom er
b) A A' A A'
CSP (-E n a n tio m e r
F igure 36. Illustration o f  the three-point rule.
Diastereomeric complexes a and b differ in symmetry. I f  one o f  the species involved in 
complex formation is fixed to a stationary support, as seen in Figure c and d above, a
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chiral CSP is generated. The (+) enantiomer is capable o f  three simultaneous 
interactions, whereas the (-) enantiomer is capable o f  only two simultaneous interactions. 
I f  all three o f  those interactions are free energy lowering, the (+) enantiomer will be 
more strongly retained by the CSP.
6.3.2 Types o f  Columns Available
There are basically two different philosophies in the design o f  CSP's. The use o f 
natural polymers such as cellulose provide the advantage o f  low cost, wide availability, 
and small investment in the time o f  preparation. The chief drawback o f  these kinds o f 
CSP's is that they tend to have poor mechanical properties. The second approach is to 
design a CSP specifically for an analyte. These kinds o f  stationary phases usually have 
much better mechanical properties and the mechanisms o f separation on these stationary 
phases are often easier to investigate. There can be a need to form derivatives o f some 
analytes in order to achieve separation and this is the chief drawback o f these kinds o f 
chiral stationary phases. There are basically two separate types o f  these CSP's. The first 
are the Pirkle-type columns introduced in the early 1980's.42 These have some 
derivative o f  (R)-N-(3,5-dinitrobenzoyl)phenylglycine, shown below, covalently bound 
to  silica through -NH-(CH2)3 -Si.
A second type o f CSP available are cellulose based columns that are coated onto 
silica gel. The phase that is shown below is the column that was selected to perform the 
ligand separation, after consultation with the manufacturer. The primary mechanism for 
the formation o f  the solute-CSP complex on these columns are attractive forces ie.,
f t  f t _ ^ N 0 2
H N - C - C H - N H - C - O
A  N02
(R)-N-(3,5-dinitrobenzoyl)phenylglycine
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hydrogen bonding, tc-ti and dipole stacking interactions.43 I f  the solute molecule does 
not have the required interactive groups derivatization is often required.
6.3.3 HPLC Separation o f  racemic et,ph-P4
The separation was performed on a semi-prep Chiralcel OD HPLC column 
supplied by J.T. Baker.44 Solutions o f  racemic et,ph-P4 at a concentration level o f  100 
mg/mL were prepared in a glove box. Several mobile phases o f  the accepted eluant 
mixture for the column, hexane/isopropanol, were prepared and used to determine the 
optimum mobile phase for the separation. After testing mobile phases o f  v/v 80/20, 
90/10, and 95/5 hexane/isopropanol the optimum separation was achieved using 95/5 v/v 
hexane/isopropanol as the mobile phase.
An optimal flow rate o f 6.0 mL/min was established. Enantiomer #1 had a 
retention time o f 13.2 minutes, and Enantiomer #2 had a retention time o f 14.8 minutes. 
A schematic o f  the collection apparatus is shown in Figure .
F igure 37. Schematic o f the setup for the separation o f racemic et,ph-P4
The eluted component fractions were collected in Schlenk flasks that were continuously 
purged with nitrogen from an exntemal cylinder. The flasks that contained enantiomers 
were returned to the glovebox where the solvent was removed under reduced pressure. 
The chromatogram o f  the resolved enantiomers is shown in Figure 38.
R =
CHIRALCEL OD UM3
QHPLC C olum n D etecto r
E lu en t (E N A N T  01 )  (  ENANT M2 )
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Figure 38. Chromatogram o f the enantiomers o f  racemic et,ph-P4
6.4 Asymmetric Hydroformylation Results
The enantiomeric forms o f  the ligand et,ph-P4 were used to synthesize the chiral 
catalysts (+) and (-)-Rh2 (nbd)2 (et,ph-P4)](2BF4) . These catalysts have been used in the 
hydroformylation o f vinyl acetate. 4 0  Another Rh bimetallic chiral catalyst, Rh2 (ri3- 
allyl)2 (et,ph-P4), has also been synthesized in our laboratories4 5  using the reaction 
shown below:
[Rh2 (nbd)2 (et,ph-P4)](2BF4) + 20 allylMgBr Rh2 (r|3 -allyl)2 (et,ph-P4)
This chiral catalyst has proven to be a very good asymmetric catalyst for the 
hydroformylation o f vinyl acetate. Table 6.1 shows the results that have been obtained 
using the catalyst Rh2 (r|3 -allyl)2 (et,ph-P4). It is necessary to add 2 equivalents o f  an 
acid, in this case HBF4, to generate the active catalytic species. The catalyst has a 
branched to linear regioselectivity o f 4.3:1. Rh2 (iq3 -allyl)2 (et,ph-P4) converted 84% of 
the olefin vinyl acetate to product aldehydes in a period o f 15 hrs. An enantiomeric 
excess o f 85% was observed by chiral gas chromatography.
The results o f  this catalyst can be compared with those o f  Stille and Takaya for 
the hydroformylation o f vinyl acetate, as shown in Table 6.2. Our system compares very 
favorably with the Pt/bppm/Sn system. It is considerably faster and has a better 
regioselectivity, (4:1 compared to 0.5:1). The Rh/binaphos system has better 
regioselectivity that the Rh-allyl catalyst, 6:1 vs 4:1, but does appear to be slower than
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Rh2 (ri3 -allyl)2 (et,ph-P4 ) 4 6  ®ur catalytic system, however, requires less severe 
pressures, 1400 psig vs 90 psig, o f  H 2 /CO.
Table 6 .1 Results obtained from the hydroformylation o f vinyl acetate using
Rh2 (n 3 -allyl)2 (et, ph-P 4).
Catalyst Initial Hrs psig Temp b:l Alkene to % ee
TO/hr °C ratio aid (%)
Rh2(ri3-allyl)2(et,ph-P4) 
2 equiv of HBF4 476 15 85 90 4.3 84 85
Table 6.2 Summary o f results comparing the catalysts o f  Stille, Takaya, and 
RhiCn -3 -allyl)2 (et,ph-P4 ) for the hydroformylation o f  vinyl acetate.
Catalyst psig Temp (°C) Hrs TO b:l ratio %ee
Stifle's Pt/bppm/Sn 2700 60 240 lOOf 0.5 96
Takaya's Rh/binaphos 1400 60 36 400t 6 92
Takaya's Rh/binaphos 1400 80 72 2000t 5 88
Rh2(r]3-allyl)2(et,ph-P4) 90 90 4 500 4 85
R1i2(t] ^  -allyl)2(et,ph-P4) 90 90 -3 0 2000 4 78-85J
t  No initial turnover rates were reported in these papers. These are total turnovers done in the run. 
t  These numbers are a range of ee's obtained over a long period of time during a catalytic run.
6.5 Gas Chromatographic Determination o f Enantiomeric Excess.
6.5.1 Cyclodextrins as Gas Chromaography Stationaiy Phases
M ost o f the early work using chiral stationary phases for GC used amino acids, 
peptides, and various derivatives o f  those compounds. A comprehensive review o f this 
subject is given by Armstrong . 4 7  Some efforts were made to use other naturally
59
occuring chiral compounds such as tartaric acid and malaic acid. Despite a large body o f 
work in this area the only commercially viable CSP for gas chromaotography was 
Chirasil-Val, which consisted o f  a siloxane polymer coupled to L-valine-ter/- 
butylamide . 4 8  M ost o f  the separations reported were on a limited number o f 
compounds, most commonly amino acid derivatives. The chief drawback o f  these CSP's 
is that the high column temperature needed for GC often resulted in racemization, 
decomposition, and bleeding o f the CSP.
Cyclodextrins are chiral molecules formed by the a - 1,4 linkage o f glucose units 
into predominantly three forms, alpha, beta, and gamma composed o f 6 , 7, and 8  
glucose units respectively. The backbone o f P cycledextrin, P-CD, is shown in Figure
39.
OH
.OH
OH.
HOOH
HO
OH
OH
OH, p H
HO
OH
OH
OH
Figure 39. The P-Cyclodextrin backbone
The a , P, and y-cyclodextrins form cavities with sizes o f  5-8 A . 4 9  The use o f 
cyclodextrins as stationary phases for gas chromatography has been reported by several
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authors. Smolkova-Keulemansova4 9  demonstrated that CD's were highely selective and 
formed inclusion complexes with vaporized solutions. Native cyclodextrins are highly 
crystalline in nature and were therefore considered difficult to use as stationary phases. 
They had to be dissolved or suspended in another solvent prior to coating the fused silica 
capillary column. Konig5 0  and coworkers have produced lipophilic alkyl and alkyl-acyl 
derivatives o f  cyclodextrins that are liquids. Schurig5 1  and coworkers have dissolved 
native and permethylated cyclodextrins in GC stationary phase liquids to obtain viable 
CSP's.
Armstrong and co workers have determined that there are a number o f  factors 
that control the physical state o f  the cyclodextrin derivatives . 4 8  Certain derivatives 
appear to  exist as viscous liquids at ambient temperature, while other forms, including 
the native cyclodextrins, are crystalline solids. The most studied factors were 
homogeneity o f  the derivative, the number o f  polar funtional groups, and the overall 
molecular weight o f  the compound. His research group has used these factors to  design 
a series o f  liquid cyclodextrin derivatives o f  varying polarities, which are now marketed 
by Astec under the Chiraldex tradename. The mechanism o f separation on these CSP's is 
the formation o f  an inclusion complex within the cavity o f  the cyclodextrin. Other 
interactions such as dipole-dipole and hydrogen bonding also play a part, as does the 
size, shape, and functionality o f  the analyte molecule . 4 8
6.5.2 Chiral GC Separations
The analysis o f  enatiomeric excess for the hydroformylation o f  vinyl acetate is 
performed on a 30 meter Chiraldex p-TA capillary GC column. The stationary phase is 
made by trifluoroacetylation o f the 3 position hydroxyl groups after pentylation o f the
2,6 hydroxyl groupsof P-cyclodextrin. This phase has proven to be selective for oxygen 
containing analytes such as ketones, aldehydes, acids, and lactones, as well as for 
halogenated compounds . 5 2  A sample chromatogram is shown in Figure 40. The 
chromatographic conditions are as follows: Injector 200 °C, Detector 200 °C, and an
isothermal temperature program o f 1 1 0  °C. The column head pressure is 1 0  p s i . 
Helium is used as the carrier gas with a flame ionization detector (FID). The split ratio 
was 1:100. Retention times for enantiomers was determined to be 4.2 minutes and 5.3 
minutes, respectively. Enantiomeric excess was determined by comparing the areas o f 
the two enantiomers o f  2 -acetoxypropanal.
ENANTIOMER #1
.5
ENANTIOMER #2
0
12 14
Minutes
Figure 40. Sample GC chromatogram o f the analysis o f  the hydroformylation o f vinyl 
acetate to 2 -acetoxypropanal.
Chapter 7 Conclusions
The homobimetallic complex, racemic [Rh2(nbd)2(et,ph-P4)]2BF4, has been 
shown to be a highly selective hydroformylation catalyst with a linear to branched 
aldehyde regioselectivity of 28:1 for 1-hexene. Structure reactivity studies with 
monometallic model systems and spaced bimetallic systems along with molecular 
modeling studies provide strong evidence for the proposed bimetallic cooperativity 
mechanism.
The addition o f non-coordinating nitrogen bases does improve the results 
obtained with the catalyst by inhibiting the non-desirable side reactions o f  isomerization 
and hydrogenation. An unfortunate side effect o f  adding these bases is that they slow 
down the reaction. Acid can possibly participate as a cocatalyst in the bimetallic 
cooperativity mechanism most probably by reactivating a bis-acyl species that is formed 
when two alkenes add to  the active catalytic species.
A new synthetic route to the catalytic precursor, racemic [Rh2 (nbd)2 (et,ph- 
P4)]2BF4, has been developed. A new starting material Rh(CO)2 (acac) was used in 
place o f RI1CI3  to avoid the use o f  chloride in the synthetic scheme. The isolated yield o f 
the Rh bimetallic catalyst racew/'c-[Rh2 (nbd)2 (et,ph-P4)]2BF4  was increased from 40% 
to 70%.
Three new homobimetallic complexes were made and characterized. The 
complex Pd 2 Cl4 (et,ph-P4) was synthesized and gave 72% yield. The complex racemic 
[Ir2 (cod)2 (et,ph-P4)]2BF4  was made in 78% yield. Another complex, racemic 
Ru2 Cl4 (cod)2 (et,ph-P4), was synthesized in a yield o f 72%. All three complexes were 
tested as hydroformylation catalysts. Only two o f the compounds, racemic 
[Ir2 (cod)2 (et,ph-P4)]2BF4  and racemic Ru2 Cl4 (cod)2 (et,ph-P4) showed any catalytic 
activity.
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The racemic form o f the ligand et,ph-P4 has been separated into its (RJl) and 
(S,S) enantiomers with a Baker Chiralcel OD semi-prep HPLC column. These ligands 
have been used to prepare a new chiral catalyst system: (R,R) or (iS^-Rh^On3- 
allyl)2 (et,ph-P4 ). Asymmetric hydroformylation studies were carried out with the system 
(R,R) or (iS'1iS)-Rh2 (ri3 -alIyl)2 (et,ph-P4 ) using vinyl acetate as a substrate. An 
enantiomeric excess o f  85% was observed with the catalyst. These results were 
compared to systems reported by Stille and Takaya. The products o f  the 
hydroformylation o f vinyl acetate were analyzed using a  Chiraldex P-TA GC column.
The column employs a trifluoroacetyl derivative o f  P-cyclodextrin as a stationary phase.
C hapter 8 Experimental
8.1 Instrumentation
The NMR spectra were recorded on Bruker A C-100 and AC-400 spectrometers. 
All NMR experiments were performed in 5mm tubes at room temperature. Gas 
chromatographic separations for hydroformylation runs were perfomed on a Hewlett- 
Packard 5890 capillary GC with a flame ionization detector, (FID) utilizing LABCALC 
software coupled to a personal computer for data acquisition and presentation. The 
Chiral HPLC separations were perfomed on a Rainin Rabbit model HPLC system 
utilizing a Knauer Differential Refractometer as a detector. Elemental analyses were 
performed by Oneida Resarch Laboratories, Inc., Whitesboro, New York.
8.2 General Procedures
Unless otherwise stated all manipulations were performed under inert atmosphere 
using standard Schlenk techniques or a glove box. Solvents were distilled under inert 
atmosphere from appropriate drying agents as follows: diethyl ether, hexane, 
tetrahydrofuran (potassiunvf>enzophenone); dichoromethane and acetonitrile (calcium 
hydride); methanol and ethanol (magnesium). Other solvents were purified via the 
freeze, pump, thaw method; ( acetone and N,N dimethylformamide). Gases purchased 
were used as received. Nitrogen used as the inert atmosphere gas was taken from the 
"boil off' o f  liquid nitrogen. Synthesis gas o f  50% carbon monoxide in hydrogen ( 1 : 1  
H 2 CO) was obtained from Liquid Carbonic. Most other reagents purchased were used 
without purification. RUCI3  XH2 O, AgBF^ and f r^ c o d ^ C ^  were obtained from Strem 
Chemicals; norbomadiene and 1,5 cycloocadiene were purchased from Aldrich.; and 
Rh(CO)2 (acac) was obtained from a loan by Hoechst-Celanese Corp. The 
hydroformylation runs were performed in a 150 mL stainless steel autoclave from Parr. 
The progress o f  the reaction was monitored by gas uptake in a 300 mL reservoir that 
was connected to a two-stage regulator which delivered gas at a constant pressure. All
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information during the catalytic run was recorded onto a Parr model 4850 controller. 
The controller has a RAM disk for data storage. Data workup was accomplished on a 
personal computer. A schematic representation o f  the autoclave setups is shown below 
in Figure 41.
Parr
4850
Controller
Pressure
Transducers
NJvac
No/vac Ng/vac
Autoclaves
• Packless Magnetic 
Stirring to 1100 rpm
• 150, 450,600 mL 
volumes
Main
Gas
Supply
Autoclave
Figure 41. A schematic representation o f the hydroformylation apparatus.
8.3 Rhodium Complexes
8.3.1 Rh(nbd)(acac)
Rh(CO)2 (acac) (3.0 g, 1.16 mmole) and norbomadiene (85mL) were added to a 
250mL Schlenk flask. The flask was equipped with a reflux condenser and heated with
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stirring in an oil bath at 90° C for 3 hrs. The solution turned from dark green to bright 
yellow. The solution was cooled and filtered and the unreacted norbomadiene was 
removed under reduced pressure. The resulting yellow powder was recrystallized from 
THF/hexane to form yellow crystals. Yield ~ 90-95%.
Analysis: *H NMR ( CDCI3 , 6  in ppm, TMS reference): 1.2-2.0 (m CH2  o f  nbd 
and CH3 o f  acac), 3.8-4.0 (m, CH2 o f  nbd), 5.3 (s, CO-CH2-CO o f  acac), 6 . 2  and 6.7 
(br s, and br m, HC o f  nbd).
8.3.2 [Rh(nbd)2 ]BF4
Rh(nbd)(acac) (2.014 g, 6.85 mmole) was dissolved in 30 mL ofT H F in a glove 
box. The solution was cooled to -20° C. HBF4 • OEt2  (1.275 g o f a 85% solution) was 
added dropwise. The color changed from yellow to dark red. Norbomadiene, (3.0 g,
32.6 mmole) was added and an orange-red ppt. formed. The flask was placed at -20° C 
for 2 hours and the ppt. was collected by filtration. Yield ~ 90%.
Analysis: *H NMR ( CD2 C12, 8  in ppm, TMS reference). 1.7 (br s, CH2 o f nbd),
4.3 (br s, bridgehead CH2 o f  nbd), 5.3 and 5.6 (br m, and br s, HC o f  nbd).
8.3.3 [Rh2 ((nbd)2 ((et,ph-P4)J2BF4
[Rh(nbd)2 ]BF4, (3.74g, 10 mmole) was dissolved in 10 mL o f CH 2 C12  in a 
glovebox. The solution was cooled to -20° C. Racemic-et,ph-P4, (2.32 g, 5 mmole), 
was dissolved in 5mL o f CH2 C12. The ligand solution was added dropwise to the 
solution o f [Rh(nbd)2 ]BF4  with good stirring. The CH 2 C12  is removed under reduced 
pressure. The resulting red-orange solid is recrystallized from acetone to  yield orange 
crystals. Yield ~ 90%.
Analysis: 31P NMR (CD2 C12, 8  in ppm, H 3 P 0 4  reference) internal phosphoms 
atoms 47.5 (2P, dm, J p .^ 1 5 6  Hz) and external phosphorus atoms 58.0 (2P, dd, JP.P-  
23 Hz and Jp.jy^ 150 Hz). *H NMR (CD 2 C12, 8  in ppm, TMS reference); 0.8-1.4 
(m, PCH 2 Ctf5), 1.5-2 . 1  (m, PC tf2 CH 3  and m, PCH2CH2V and s, CH2 o f  nbd), 2.9 (t, 
FCH2P), 3.6-4.2 (br d, bridgehead CH2 o f nbd), 4.8 and 5.3 (br s, HC o f  nbd).
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8.4 Palladium Complexes
8.4.1 Pd2 Cl4 (et,ph-P4)
PdCl2 , (1.062 g, 5.99 mmol) was added to 75 mL o f acetonitrile and stirred for 
24 hours. The solution turned orange and cloudy. A 1:1 mixture o f  racemic and meso 
et,ph-P4,(1.390 g, 2.99 mmol) dissolved in 30 mL o f acetontitrile was added dropwise to 
the orange solution. The solution cleared and turned pale yellow. The reaction mixture 
stirred another 24 hours. The pale yellow solution was filtered through celite and 
acetonitrile was removed under reduced pressure to a volume o f -1 0  mL. The 
remaining 10 mL o f solution ws dropped into 150 mL o f cold diethyl ether forming a 
pale yellow precipitate. The flask was cooled to -20° C and left overnight. The pale 
yellow powder was collected on a glass filter frit and washed with diethyl ether and dried 
in vacuo to yield 1.764g (72.4%) o f mixed racemic and meso Pd2 Cl4 (et,ph-P4 ). The 
complex is very soluble in dichloromethane, moderately soluble in acetonitrile, ethanol, 
and methanol. The complex is insoluble in hexane and diethyl ether. Yellow-green 
crystals o f  the complex can be grown from dichloromethane/acetonitrile by slow 
evaporation.
Analysis: Calculated for Pd2Cl4 P4C2 5 H 4 o: C, 36.5; P, 15.1; H, 4.9. Found:
C, 37.3; P, 14.92; H, 4.8. 31P NMR (CD 2 CI2 , 8  in ppm, H 3 PO 4  reference): internal 
phosphorus atoms, meso, 64.1 (IP , dd, Jp_p = 8.0 Hz and Jp_p = 5.0 Hz), external 
phosphorus atoms, meso, 85.4 (IP , dd, Jp.p =  5.3 Hz and 8.0 Hz), internal phosphorus 
atoms, racemic, 63.0 (IP , d, Jp.p = 10.3 Hz), external phosphorus atom, racemic, 84.8 
(IP , d, Jp.p = 10.9 Hz). *H NMR (CD2 C12, 5 in ppm, TMS reference): 0.7-1.2 (m, P- 
CH2CHj meso and rac.), 1 .2-3.0 (m P-CT/^CHjand m P-CH2-CH2-P meso and rac.),
3.0-4.0 (m, P-CHj-P, meso and rac.), 7.2-8 . 6  (m, Ph meso and rac).
8.4.2 Pd2 (cod)2 (et,ph-P4)
Pd 2 Cl4 (et,ph-P4), ( 0.300g, 0.366 mmol) was dissolved in 20 mL of 
dichloromethane. A CH2 CI2  solution o f cod (0.198g, 1.83 mmol) was added to
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the Pd solution. The mixture was allowed to stir for 10 minutes. AgBF4, (0.425g, 2.20 
mmol) was added in 100 mg increments at 30 minute intervals. The solution turned a 
more intense yellow color and a white grey solid began to precipitate after about 30 
minutes o f  stirring. The solution stirred for another 60 minutes at which time gray black 
particles became visible on the side o f the reaction flask. The yellow solution was 
filtered through celite and the solvent was removed under reduced pressure. An intense 
yellow solid was isolated (50 mg) and a 31P NMR o f the solid was obtained. The solid 
was very soluble in acetone and dichloromethane.
Analysis: 31P NMR (CD 2 C12, 5 in ppm, H 3 PO4  reference): internal phosphorus 
atoms, rac and meso, 74.4 and 73.1 (IP , d, JP.P = 6.1 Hz and JP.P = 7.2 Hz); external 
phosphorus atoms, rac and meso, 97.8 and 96.6 (IP , d, JP_P = 8.0 Hz and JP.P = 7.1 Hz).
8.5 Iridium Complexes
8.5.1 [Ir(cod)2 ]BF4  2 2
[Ir2 Cl2 (cod)2], (0.750 g, 1.116 mmol) was dissolved in 2 0  mL o f CH2 C12  and 
cooled to  0° C. A solution o f cod (6.04 g, 5.58 mmol) in 10 mL o f  CH 2 C12  was added 
via cannula over a period o f 1 0  minutes and the solution was stirred for 30 minutes at 
0°C. AgBF4, (0.646 g, 3.35 mmol) was added via a powder addition funnel. The ice 
bath was removed and the solution stirred for 45 minutes. A white precipitate became 
visible after ~ 15 minutes and the solution changed from deep orange to  purple red. The 
deep purple solution was filtered through celite and the celite washed with 
tetrahydrofiiran. The solvent volume was reduced to ~ 3 mL at which time a purple 
solid became visible. The purple brown solid was collected on a filter f r i t ,washed with 
diethyl ether, and dried in vacuo. Yield: 1.1 OOg (99%).
8.5.2 racemic [Ir2 (cod)2 (et,ph-P4]2BF4
[Ir(cod)2 ]BF4, (0.641g, 1.294 mmol) was dissolved in 15 mL o f  CH2 C12. A 
solution o f ra6’em/c-et,ph-P4 (0.300 g, 0.647 mmol) in 1 0  mL o f dichloromethane was 
added dropwise to the Ir solution. The solution turned from dark purple to dark brown.
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The solution stirred for 1 hour. M ost o f  the solvent was removed under reduced 
pressure. The remaining few mL were dropped into 150 mL o f cold diethyl ether. A 
pink precipitate formed. The solution was cooled to -20° C and left overnight. The solid 
was collected on a filter frit and washed with diethyl ether. The complex is isolated as a 
pink-purple powder (0.624 g), 78.0%. The complex is very soluble in acetone, 
methanol, ethanol, and acetonitrile. It is moderately soluble in tetrahydrofuran. The 
complex is insoluble in hexane and diethyl ether.
Analysis: Calculated for Ir2 P4 C4 iHg4 B2Fg C,39.7; P,10.0; H,5.2. Found: C
39.7 ;P, 9.99; H, 4.94. 31PNMR (acetone-dg, 8 in ppm, H3PO4 reference): internal 
phosphorus atom, s, 42.0 and external phosphorus atom, s, 46.3. NMR (acetone-dg,
8  in ppm, TMS reference): 0.8-1.4 (m, P-CH 2 CH3.), 1 .5-2.4 (m, P -C /^ C J^an d  m P- 
CHr CH2-P), 2.5-3.0 (m CH2 o f  cod), 3.7(t-P-C/7r P), 4.5-5.2 (m, HC o f  cod) 7.5-8 . 1  
(m, Ph).
8 . 6  Ruthenium Complexes
8.6.1 [RuCl2 (cod)]x 3 4
A 250 mL roundbottom flask was charged with RUCI3  xH2 0 , (4.0 g, 19.3 mmol)
5.0 mL o f cod, and 40 mL o f ethanol. The solution was refluxed with constant stirring 
for 24 hours. A brown solid was formed. The brown solid, [RuCl2 (cod)]x, was 
collected by filtration and washed with cold ethanol. Yield 5.274 g (94%).
8.6.2 [Ru(cod)Cl2 (CH 3 CN ) 2 ] 3 4
A 250 mL round bottom flask was charged with 1 402g o f [RuCl2 (cod)]x, 2.0 
mL o f cod, and 50 mL o f CH 3 CN. The solution was refluxed for 5 hours. The 
remaining brown solid was removed by filtration while the solution was still hot. The 
volume o f the orange filtrate was reduced to ~  25 mL under reduced pressure. The 
remaining solution was cooled to -20° C for 24 hours. A crop o f  orange crystals,
0 .6 6 6 g (41%), was obtained after filtration.
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8.6.3 racemic [Ru2 (Cl)4 (cod)2 (et,ph-P4 )]
[Ru(cod)Cl2 (CH 3 CN)2 ] (0.404 g, 1.16 mmol) was dissolved in 25 mL of 
acetonitrile. A solution o f race/w/c-et,ph-P4 (0.257 g, 0.553 mmol) in 15 mL o f 
acetonitrile was added dropwise to the Ru solution. The solution turned from a pale 
yellow to  a more intense yellow color. The solution stirred for 24 hrs. The solvent was 
removed under reduced pressure and the resulting orange solid was washed with hexane. 
The complex, racemic-[Ru2 (Cl)4 (cod)2 (et,ph-P4)], was isolated as orange crystals 
(0.407 g , 72.0%). The complex is highly soluble in dichloromethane, chloroform, and 
acetonitrile. The complex is moderately soluble in methanol, ethanol, and 
tetrahydrofuran. The complex is insoluble in hexane and diethyl ether.
Analysis: Calculated for R ^ C ^ P ^ ^ H ^  C, 48.0; P, 12.1; H,6.3. Found: 
C,44.3; P ,11.8; H,5.8. 31P NMR (CDCI3 , 5 in ppm, H 3 PO 4  reference): external 
phosphorus atom 53 (IP , U „ p = 20.3 Hz), internal phosphorus atom 28.7 (IP , t, Jp.p =
21.1 Hz). !H N M R  (CDCI3 , 5 in ppm, TMS reference): 0.9-1.3 (m, P-CH 2 C/75.), 1.8- 
2.9 (m, P -C //2 CH3, and m, V-CHr CH2-P ), 3.8 (t-P-C7/r P), 4.3 (m, CH2 o f  cod), 5.5-
6.0 (m, HC o f  cod), 13-7.9 (m, Ph).
8.7 Catalytic Runs
In a typical experiment, the catalyst was dissolved in the desired solvent in a 
Schlenk flask and transferred to a 150 mL Parr autoclave via a cannula. The olefin -1 0  
mL was added via a cannula to an external addition cylinder that is connected to the 
autoclave. The autoclave was heated to the desired temperature and stirred at 1000 rpm. 
The autoclave was pressurized to approximately one half o f  the desired operating 
pressure with synthesis gas (1:1 H2 /CO). When the autoclave had stabilized at the 
desired temperature, the olefin addition cylinder was pressurized with H2/CO and the 
olefin then was transferred to the autoclave. This procedure allowed for the generation 
o f  the active catalytic species before the olefin was added. An intial sample was taken,
71
and then data collection was begun. Samples o f  ~ 1-2 mL were drawn from the 
autoclave at hourly intervals and analyzed by gas chromatography.
8 . 8  Gas Chromatographic Analysis o f  the Catalytic Runs
8 .8 .1 General Procedure for the Analysis o f  the Hydroformylation o f  1 -Hexene.
The progress o f the reaction was monitored with a Hewlett-Packard 5890 Series 
II capillary GC equipped with a Flame Ionization Detector. A sample o f  -1 -2  mL was 
drawn from the autoclave. A volume o f 200 pL o f the sample was measured with a 500 
pL gastight syringe. The sample was diluted 1:5 with the reaction solvent. The internal 
standard benzene, 2.0 pi, was added via a 1 0  pi syringe. Nominally an injection volume 
o f  1 pL was used to perform the analysis. The chromatogram was acquired via an 
analog-digital interface with a personal computer through the use o f  the software 
package LAB CALC. A schematic o f  that GC setup is shown in Figure 42. Helium was 
used as the carrier gas. The analysis was performed using the split injection mode on a 
60 meter 0.25 m ID DB-1 capillary column manufactured by J&W Scientific. The 
column head pressure was 42 psi and the split ratio was 100:1. The injector temperature 
was 200 °C and the detector temp was 260 °C. The temperature program is as follows: 
40 °C (5 min) to 200 °C (30 °C/min); 200 °C (3 min).
* *
60 m eter DB-1, DB-Wax 
^  He carrier 
FID
Split ratio: 1:100
j  J & W  Scientific
B enzene IS
Labcalc data collection 
and analysis program
Figure 42. Schematic diagram of GC setup for analyses o f catalytic runs.
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8.8.2 Calibration Procedure for Quantitative Analysis.
Quantification o f the catalytic runs was obtained via the internal standard 
method. A 1:1 mmole solution o f  benzene and the desired analyte in 10 mL o f acetone 
was made and three replicate analyses were perfomed. The area response factors o f each 
compound and for the internal standard benzene were determined from the formula 
shown below:
All response factors were normalized to that o f  benzene and the new relative response 
factors were used to calculate the corrected areas o f  each compound in the analysis. 
Response factors for the compounds 1-hexene, trans-3-hexene, cis/trans-2-hexene, 
hexane, and normal heptanal were calculated in this fashion. As other substrates were 
added, e.g. vinyl acetate, the response factors were determined in a similar manner. A 
sample chromatogram from these analyses is shown in Figure 43 below.
R.F Area
Concentration
300 o
o<D
c
o
> CDc <D
c<D
N
C<UX
X)<D
Xoc
o
A
10 15
Minutes
Figure 43. A sample chromatogram from the hydroformylation o f 1-hexene.
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8.8.3 General Procedure for the Determination o f  Split Ratios.
In using capillary columns linear velocity, |i, measured in cm/sec, must be set. 
This is in turn is controlled by the pressure at the head o f  the column. The pressure 
required to obtain a particular velocity depends upon the bore (ID) o f  the column, the 
length o f  the column, and oven temperature. Optimum linear velocities for capillary 
columns have been determined to be 30-60 cm/sec by most column manufacturers. The 
split ratio was determined using equations given by the GC manufacturer Hewlett 
Packard . 5 3  A column head pressure o f  ~ 40 psi was set for the 60 meter DB-1 column. 
Initially flow at the split vent is set at 100 mL/min as measured with a bubble flow meter. 
When the split injection technique is used, a split ratio must be determined. Linear 
velocity through the column is typically measured by repeated injection o f a sample 
containing an unretained component, typically methane. Assuming an optimum linear 
velocity o f  30 cm/sec and a column length o f 60 m, an expected retention time, tr (exp), 
o f  3.34 minutes is calculated using the formula shown below. The back pressure 
regulator o f  carrier gas for the injector is then adjusted to obtain this expected retention 
time.
* _  , Column length (m)
i (ex ) ~   — ------------------  — ------ -------
Linear Flow Velocity (cm/sec)
Once the linear velocity has been set, the volumetric flow rate, (VFL), through the 
column can be calculated using the formula.
- D2L
Volumetric Flow Rate ( cm-Ymin) = 0.785
where: D is the column internal diameter (mm)
L is the column length (meters).
tr is the ret. time o f the unretained component in minutes.
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Returning to the above example, if  the VFL o f the column is 0.88 cm3 /min, the desired 
split ratio, typically- 1 : 1 0 0  for our applications, can be obtained by adjusting the split 
vent flow rate according to the following formula:
Split Vent Flow Rate (mL/min) = VFL * (Desired split ratio - 1)
8.9 Chiral Separations.
8.9.1 HPLC Seperation o f  racemic et,ph-P4.
The separation o f  the enantiomers was performed on a J. T. Baker Chiralcel OD 
HPLC column (250mm x 20 mm) that employs cellulose tris (3,5-dimethylphenyl 
carbamate) coated onto 10pm silica gel as a stationary phase. The Rainin Rabbit HPC 
model HPLC utilizing a Knauer Differential Refractometer as a detector was used for the 
separation. A mobile phase o f 95:5 hexane/isopropanol was employed. The flow rate 
was 6.0 mL/min. The mobile phase was filtered through a 0.45 pm membrane filter and 
then purged with argon for ~ 20 minutes. Solutions o f -  100 mg/mL o f the ligand were 
prepared in the glove box and filtered through a 0.45 pm membrane filter. A volume o f 
-5 0 0  pL o f the ligand solution was injected onto the column. The two enantiomers were 
resolved with retention times o f 13.2 minutes and 14.8 minutes, respectively.
The eluted compounds were collected in separate Schlenk flasks under a 
continuous purge o f nitrogen. The flasks were taken into the glove box, where the 
solvent was removed under reduced pressure. Enantiomeric purity o f  the ligands was 
confirmed by NMR and polarimetry.
8.9.2 GC Separation o f  Enantiomers o f 2-Acetoxypropanal.
A 30 meter, 0.25mmID,Chiraldex 0-TA GC column from astec, Inc was 
employed for the analysis o f  enantiomeric excess, %ee, o f  the hydroformylation o f  vinyl 
acetate. The separation was performed on a Hewlett Packard 5890 Series II capillary 
GC utilizing a FID detector. A schematic setup o f the system currently in use is shown 
in Figure 44. The GC is equipped with a Hewlett Packard HP 7673 model 
autosampler/injector. A Hewlett Packard HP3396 model computing integrator is used
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to  control the autosampler and the GC. A personal computer, connected to the GC via 
an analog to digital interface, is used in tandem with the software LAB CALC for 
acquisition o f the chromatographic data. Samples were loaded neat into the autosampler 
with appopriate washing solvents and run in duplicate. The split ratio is -1 :100 and the 
column head pressure is 10 psi. An isothermal temperature program o f  110° C was 
employed for the analysis. The injector temperature was 200° C and the detector 
temperature was 200° C. Enantiomeric excess, % ee, was determined by comparing the 
areas o f  the two enantiomers o f 2-acetoxypropanal. Retention times for the enantiomers 
were determined to  be 4.2 minutes and 5.3 minutes, respectively, under the above
conditions.
w '-» HP7673 Controller
•JsvXv^.
S W ’X W W y
HP Cool On-Column Inlet 
Split injector
HP 7673 injector/autosampler
Labcalc data collection 
and analysis program Column: Chiraldex p -TA
30 meters, astec, Inc. 
He carrier, FID
Figure 44. Schematic o f the setup for Chiral GC Separations.
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